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ABSTRACT: The Deep Autonomous Profiler (DAP) is a full-ocean-depth profiler rated to 11 km. Its hydrographic
profiles and water samples can provide information on physical oceanographic properties, seawater composition, and bi-
ological communities at every depth in the ocean. Designed around a 24-bottle rosette, the DAP is an untethered system
able to autonomously collect temperature, salinity, and oxygen profiles, as well as water samples. An adaptive sampling
method was developed to analyze the water-column data to identify and sample desired features while under way. Acoustic
ranging-only tracking is used to monitor and geolocate the system underwater. In September 2018 the vehicle was tested to
8377 min the Puerto Rico Trench. The DAP was able to generate full-ocean-depth profiles and collect water samples at both
preset and adaptively determined depths. To demonstrate the utility of the DAP, we radiocarbon dated the deepest water
sampled in the Puerto Rico Trench, providing the first direct evidence of hadal water-mass age in the trench: 318 = 25 yr.
This paper presents an overview of the DAP system and the Puerto Rico Trench sea trials.
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1. Introduction

Studies of hadal seawater and its biological communities are
historically difficult to obtain and rare. Measuring and sam-
pling the hadal ocean will provide insight into a host of physical
and biological processes. The processes that dominate ocean
mixing in deep trenches are not fully known, because mea-
surements of physical processes and water-mass ages are rare
(Taira et al. 2004; Schmidt and Siegel 2011). The nature of
planktonic communities in deep trenches is also largely un-
known. Deep-sea trenches have been described as inverted
islands of biodiversity, because hadal animal species are often
restricted to a single trench or adjacent trenches by the fact that
the ocean is mostly continuous at abyssal depths but not gen-
erally continuous at hadal depths from trench to trench
(Vinogradova 1997). Recent studies of prokaryotic plankton in
the Mariana Trench show that hadal water contains distinct
communities relative to the overlying abyssal water (Nunoura
et al. 2015; Tarn et al. 2016; Peoples et al. 2018). However, the
full nature of planktonic biodiversity in trenches, including the
extent to which hadal plankton are restricted to individual
trenches, remains unclear because studies of hadal plankton
are so rare.

These broad unknowns within hadal studies are related to
the numerous challenges that make directly measuring phe-
nomena, such as deep-water mixing, and sampling biologi-
cal communities at hadal water depths difficult. The most
common ship profiling and sampling device is a conductivity—
temperature—depth (CTD) rosette system made up of a sensor
system (e.g., Sea-Bird SBE 9plus) and a rosette of sampling
bottles (e.g., Sea-Bird SBE 32) (Millard and Yang 1993).
Rosettes are typically tethered systems lowered over the side
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of a ship with a wire and winch for real-time communication
and data acquisition (Franks and Keafer 2003).

While operating, the CTD wire needs to handle the static
and dynamic loads on the system. The weight of the cable must
be considered as a part of the static load, and it increases as
more wire is spooled out. A common wire for CTD systems is
0.322-in.-diameter (lin. = 2.54cm) electromechanical cable,
which weighs 0.215 kg m ™! in seawater and adds an extra 1290 kg
for a 6000-m cast. This extra weight will increase the load close to
the safe working limits for the system [University-National
Oceanographic Laboratory Systems (UNOLS); UNOLS
2015]. Larger-diameter steel wires or specialized synthetic
materials can be used but have similar problems because they
either weigh more per unit length or are costly. As a result of
these wire limitations, shipboard rosettes are not typically used
below 6000 m and are unable to sample the hadal zone.

Shipboard CTDs can operate at vertical speeds up to
60mmin~'. A full 6000-m profile takes 2 h or more to descend
and takes longer to ascend because of sampling stops (Crease
et al. 1988). A shipboard CTD also requires the vessel to
maintain station over a site and several dedicated personnel to
be involved in the operation. Given the operating costs of
scientific vessels, a deep CTD cast is an expensive activity.

To circumvent the wire limitations, free-falling landers are
the main platforms for sampling the hadal ocean. Landers are
untethered, adaptable platforms that sink and land on the
ocean floor (Cui et al. 2014; Hardy et al. 2013). Expendable
weights are typically mounted to the bottom of the vehicles for
the descent, while syntactic foam or glass spheres are used for
buoyancy to return the system after the weights are released
(Jamieson et al. 2009). As research platforms, landers can easily
be equipped for a variety of tasks at a low cost. Lander instru-
mentation commonly includes camera systems, water samplers,
sediment cores, CTD sensors, and baited traps. Because of this
versatility, most deep-sea exploratory programs like Deepsea
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FIG. 1. The DAP vehicle: (a) a labeled diagram of the DAP CAD model and (b) a photograph of the vehicle being prepared for a dive.

Challenge, Hadal Environment and Educational Program
(HADEEP), and Hadal Ecosystems Studies (HADES) use
landers as the primary data collection sources (Jamieson et al.
2009; Hardy et al. 2013; Linley et al. 2016).

Few remote or human-occupied research vehicles have
ventured to the hadal region. The successful vehicles include
the Deepsea Challenger (Gallo et al. 2015), Nereus (Bowen
et al. 2008), Kaiko (Kyo et al. 1995), and Automatic Bottom
Inspection and Sampling Mobile (ABISMO) (Ishibashi et al.
2008). The primary purpose of deep vehicles is bottom explo-
ration. They are more capable than landers and attempt to
document the environment through video, still imagery, bio-
logic samples, geologic samples, bathymetric mapping, CTD
data, and small water samples (Bowen et al. 2009; Yoshida
2009). Two of these systems managed to make only a few dives
to the hadal region before being lost (Kaiko and Nereus) and
others have been retired (Deepsea Challenger and ABISMO)
(Momma et al. 2004; Showstack 2014).

The Deep Autonomous Profiler (DAP) presented here is a
combination of a CTD rosette and a free-falling lander. It is
able to profile the water column, collect large quantities of
nonpressurized water (twenty-four 12-L bottles), and collect
small pressure-retaining samples (135 mL each). The system is
controlled by an onboard data collection and sampling algo-
rithm that enables preset and adaptive sample collection, based
on target values of measured or derived parameters.

Adaptive sampling methods, which allow a sampler or ve-
hicle to make data-driven decisions, are being increasingly

utilized in oceanography, because of the spatiotemporal vari-
ability of the environment (Das et al. 2015; Fossum et al. 2019).
Yilmaz et al. (2008) and Lermusiaux (2007) discuss the necessity,
theory, and methods behind adaptive sampling based on current
data (nowcast), predicted data (forecast), or past data (hindcast)
to inform a sampling strategy. Most adaptive sampling studies
attempt to locate, sense, and sample interesting environmental
features. Studies using gliders or multiple autonomous under-
water vehicles achieve this objective by using adaptive software
to navigate and plan paths (Yilmaz et al. 2008; Lermusiaux 2007,
Popa et al. 2004; Leonard et al. 2010).

DAP concept

The DAP was designed to expand the capabilities of a CTD
system to the full ocean depth (11 km) by removing the con-
straints associated with wire-based operations. Removing the
tether allows the vehicle to autonomously profile and sample
seawater into the hadal region. Because it only requires the
ship for deployment and retrieval, use of the DAP allows
the ship to perform other tasks while the DAP is under way. The
only source of communication to the DAP while deployed are
the acoustic releases. These provide a range value that can be
used with a motion model to estimate the location of the DAP.

The DAP is built around a 24-bottle Sea-Bird SBE 32 rosette
for 10- or 12-L Niskin bottles (Fig. 1). The large aluminum
bottle-support rings from the standard rosette were modified to
reduce weight and are held by the vehicle’s custom frame.
Similar to many lander designs, the DAP uses syntactic foam to
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FIG. 2. Depiction of DAP autonomous operation and sampling showing it (a) during the descent, (b) parked on the sea floor, (c) during the
ascent, and (d) surfaced.

provide buoyancy for the ascent and drop weights for descent.
The syntactic foam has a density of 670 kgm > and was selected
instead of glass sphere flotation for several reasons. The foam
flotation is more space efficient than multiple glass balls, and
foam does not require routine inspections for internal spalling
that can occur in glass with repeat cycling to high pressure. In
addition, the DAP was designed to be deployed and recovered
as a single unit, which is not possible with designs that use a
vertical string of spheres connected with line or chain.

Because of this design, DAP is set up to efficiently conduct
multiple full-ocean-depth dives with easy deployment and re-
covery. Unlike most other deep-sea vehicles, the DAP focuses on
water-column profiling and sampling. This system provides a
water-column profile and is the first to be able to efficiently re-
trieve large volume hadal water samples. It is rated for a full ocean
depth of 11 km and can be reconfigured with different sensors or
sampling devices. This adaptability and efficiency allow for a
broad range of oceanographic studies in deep-water environ-
ments. For example, it can be used to determine deep-water
mixing and water overturn rate in ocean trenches through radio-
carbon dating around the globe with large water samples from
successive and repeatable dives. To demonstrate this capability,
an analysis on the deep-water mixing and the radiocarbon age of
the Puerto Rico Trench Bottom Water was performed.

The remainder of this paper provides more details on the DAP
system and initial testing results. Section 2 presents a system de-
scription and operation details. Section 3 describes the initial ha-
dal testing and provides results from deployments in the Puerto
Rico Trench during September 2018. Section 4 summarizes the
paper and provides insight toward the next steps of this project.

2. DAP system design

The vehicle’s frame is made of aluminum to reduce weight,
while being strong enough to support the syntactic foam and 24
full Niskin bottles during recovery. Fiberglass grating on the

lower platform, plastic bottle supports, and bottom skids were
selected to reduce the in-water weight. In total, 1.03 m> of foam
is used to provide sufficient buoyancy with some margin for
adding additional sensors in the future. The DAP stands 3.2 m
tall and has a mass of approximately 1400 kg in air empty and
1700 kg when full of water. The titanium electronics bottle,
tested to 11960 dBar in a pressure facility, was designed to
house the embedded Raspberry Pi computer and power cir-
cuitry. This computer logs data from the SBE 9plus CTD and
SBE 43 oxygen sensor, sends commands to the SBE 32 sampler
carousel to trigger the sample bottles, and controls the burn-
wire release. Power for a nominal 24-h operating time is pro-
vided by a 24-V, 40-A h oil-filled DeepSea Power and Light
SeaBattery. Longer-duration dives with burst sampling and
computer power-downs would be possible but have not been
implemented yet. Two Benthos acoustic releases, mounted low
on the outside of the vehicle, are used for redundancy. This
location keeps the center of gravity low, makes rigging the
releases easy, ensures one beacon has line of site to the ship for
communications and tracking, and keeps the beacons deep
enough to maintain useful communication when the vehicle is
floating at the surface.

Figure 2 shows the operational steps of the DAP. Using drop
weights, the profiler descends at a nominal speed of 60 m min ™!
through the water column, collecting CTD data. Upon reach-
ing the bottom, a timer is activated and an onboard algorithm
processes the descent profile to set the trigger depths for any
sample bottles set with an adaptive criteria. Bottom water
samples can also be collected according to any preset delays.
The bottom time can vary anywhere from 5 min (quick profile)
to 18 h (time-lapse bottom sampling), depending on the ob-
jective of each dive and the amount of time allocated to the
ascent and descent. A burn wire is used to release the drop
weights when the planned bottom time limit is reached. During
the ascent, at a nominal speed of 60 m minfl, the Niskin bottles
are triggered at any preset depths specified in the mission file or
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at adaptively calculated depths based on downcast data. When
the DAP surfaces, a radio beacon, Iridium beacon, strobe,
radar reflector, and flag are used for recovery by the ship.

The vehicle can currently hold up to 24 Niskin bottles, and
up to four pressure-maintaining sample bottles provided by the
Scripps Institution of Oceanography (Peoples et al. 2019). The
Niskin bottles can sample large quantities of water throughout
the water column but depressurize on the ascent. The Scripps
samplers take small (135 mL) samples and hold them at high
pressure. Each high-pressure sampler is enclosed in a schedule
80 PVC pipe (internal diameter of 19.3cm) thermal water
jacket to keep the sampler cold during the ascent and recovery.
The jackets have an internal length of 96.5 cm and hold ap-
proximately 25 L of water. The inside of the tubes are lined
with thick faux sheepskin carpet to reduce internal water mo-
tion and convection. During our test deployments, these
jackets were able to keep the sampler temperature below 8°C
at recovery, despite the DAP drifting in surface water of 29°C
for up to 45min during recoveries. On short deployments,
where the water in the jacket may not have enough time to
acclimate to bottom temperature, the jackets can be filled with
cold water prior to deployment. Because of the size of the
thermal jackets, each high pressure sampler takes the place of
two Niskin bottles.

Expendable steel drop weights, typically 140-180kg per
dive, are attached for the descent of each dive and are released
on the bottom to allow the system to float back to the surface.
This much weight produces vertical speeds around 60 m min !,
depending on the exact configuration of the sample bottles. For
redundancy, four independent release mechanisms are able to
drop the weight, which hangs below the vehicle’s base on a
length of 0.25-in. chain. Hanging the weights ~3 m below the
vehicle provides enough distance for the roughly 1 m of over-
shoot that is due to the vehicle’s momentum after the weights
hit the bottom. This distance also provides some forgiveness if
the bottom is very soft and significantly reduces the chance of
the vehicle becoming stuck in the sediment.

Launching the vehicle is a four-step process that takes just a
few minutes. First, the descent weights are put over the side of
the ship and held with a temporary slip line attached near the
top of the expendable chain. Second, the DAP is positioned at
the edge of the deck with a standard pull-pin release connected
to the vehicle’s titanium lifting bale. Third, the top end of the
weight chain is attached to the DAP’s release rigging and
the slip line is released to transfer the load to the DAP. Fourth,
the DAP is put over the side and released with the pull pin.

The primary release mechanism for recovery is a burn wire
activated by a software timer. Energizing the burn-wire circuit
causes the wire to dissolve in seawater and release the weights.
The two Benthos acoustic releases can be activated through an
acoustic command sent from a shipboard transducer and will
send a confirmation status signal to indicate they have released.
The fourth fail-safe release mechanism is a passive corroding
galvanic link. This link slowly dissolves when exposed to salt-
water and can be sized for different dive durations. In the event
of a burn-wire software failure and a loss of acoustic commu-
nication, the galvanic link will eventually corrode to release the
weights.
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Upon surfacing, several beacons are used to locate the DAP
for recovery. A radio frequency beacon and an Iridium beacon
activate upon surfacing. The radio direction finder can be used
to determine the bearing to the vehicle relative to the ship. The
Iridium beacon obtains the GPS coordinates of the system and
sends the position via email over satellite. To increase visibil-
ity, an orange flag and a radar reflector stick a few feet above
the surface. A strobe is used for night recoveries. A clear
acrylic cover keeps the beacons from being snagged on the
launch or recovery line.

a. Sampling methods

The trigger conditions to close each bottle are set in a mis-
sion plan before each dive. The operator can use a combination
of depth sampling, bottom time delay sampling, and adaptive
sampling based on the recorded CTD and oxygen data. The
vehicle software identifies the bottles by the ‘“bottle ID”
number, a “trigger”’ parameter, a ““‘value” to close the bottle,
and the “‘state” in which the vehicle should be when the bottle
closes. The state options (‘“‘down,” “bottom,” “‘up,” “‘surface”’)
are determined by monitoring changes in velocity and depth
over time.

LENT3

1) DEPTH SAMPLING

Depth sampling is the primary method for triggering bottles.
This method can provide samples throughout the profile to
get a representation of the water column similar to a shipboard
CTD cast (Fig. 3). In this mode, the operator sets the trigger
for a bottle as “depth.” The value is entered as the specific
depth the bottle should close, bottom or surface. The default
state is up, to close the bottle during the ascent, but can be set
to down if desired. Bottles can be triggered in the bottom state
with a time delay. The “‘delay” value is relative to when the
vehicle first lands on the bottom and allows for a time series of
bottom water samples.

2) ADAPTIVE SAMPLING

The adaptive sampling mode is designed to compliment the
depth-specific samples by locating and sampling at distinct
features in the water column. Preset depth sampling has a high
likelihood of missing key water features like minimums, max-
imums, or gradients. The adaptive algorithm analyzes the
downcast data while on the bottom (Fig. 2b) to generate target
depths for the ascent. The user can set parameters for trigger,
value, range window, and offset. These describe which data
source to use, the portion of the water column to consider, and
the value at which to collect a sample. The state will always be
up for the adaptive bottles because the descent profile is
needed to find the water-column features.

The trigger parameter is the water property to be examined
for the water-column feature. This parameter is limited to the
sensors on the DAP during sampling. For the Puerto Rico tests,
the triggers were salinity, temperature, oxygen, and density.

The trigger parameter can be narrowed using the range
window. This is an optional parameter that allows the profile to
be parsed into depth ranges set by upper and lower depth
bounds. The possible inputs include ‘‘surface,” ‘“‘middle,”
“bottom,” or a user-specified depth range. The range window
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FIG. 3. Depth sampling distribution of 20 bottles spread through the water column at 500-m intervals to provide a
representative sampling of the entire water column. The bottle depths are displayed on (a) temperature and

(b) oxygen profiles from the Puerto Rico Trench.

allows smaller changes in the profile to be identified, especially
smaller gradients and local maxima or minima. The default for
the range window is the entire profile, surface to bottom, where
the surface parameter is actually set to 50 m, or another shallow
depth, to avoid the complexity of the surface layer. In practice,
knowledge of the water column from previous dives or CTD
casts allows the range window to be set with increasing
specificity to enable sampling more subtle features in the
water column.

The value parameter indicates how the trigger parameter
will be analyzed within the range window. Value can be set to
“minimum,” “maximum,” ‘“gradient,” or a specific value to
find in the profile. The gradient is calculated by first smoothing
the data for the selected trigger parameter with a moving-
average filter and then taking the derivative of the trigger pa-
rameter with respect to depth. The data array is smoothed
with a square convolution function. A window length of 240 (24
samples per second for 10s) is used to maintain the general
trend of the curve but ignore any noise in the measurements
that could cause a false trigger. Since all of the data are
collected on the downcast, the smoothing is done with a
symmetric window function to avoid a depth shift in the
filtered signal.

Setting the value to gradient will take a sample at the largest
change in the parameter, which may not be at the desired lo-
cation because of the structure of the water column. The range

2 ¢

window helps to avoid this by narrowing down the region of the
water column to consider, such as looking below 500-m depth
for the strongest gradient in the lower oxycline.

The offset parameter is a modification that can be used to
move the sample depth shallower or deeper by a fixed amount
relative to the calculated gradient depth. This allows for sam-
pling water across the gradient and adds a measure of redun-
dancy should the water column change between the decent and
ascent phases of the dive.

This set of parameters generates a flexible profiling system
that can be used to sample oxygen minimums, thermoclines,
haloclines, local values, and adjacent water masses.

b. Operations

The Raspberry Pi running the DAP monitors the sensors,
determines the state of the vehicle, calculates the adaptive
sampling locations, activates the burn wire, and triggers the
bottles to close when specified. The Linux-based software
is written in Python and C and uses the Lightweight
Communications and Marshalling (LCM) (Huang et al. 2010)
library for interprocess communications and data logging.
LCM operates using a publish/subscribe system with pre-
defined data types and allows the major software components
for sensor communications, mission execution, adaptive pro-
cessing and sample acquisition to be separate and modular. For
instance, the adaptive processing code could be modified or
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entirely changed to handle additional sensors or methods in-
dependent of the other processes. LCM is also used on the ship
to log the acoustic ranges to the Benthos releases and any ship
positioning data.

1) MISSION PLANNING

Before each deployment, the user writes a mission plan to
dictate the sampling instructions and timing. The mission plan
is made up of global parameters for the dive and the previously
described sample bottle descriptors. An example mission plan
is provided in the appendix. The dive is described by the global
parameters of bottom time and system launch latitude. The
other global parameters set abort conditions that cause the
burn wire to activate and release the weights. These include
the maximum mission time, the maximum depth, a battery
cutoff, and a CTD communications abort that will release the
weights if a sensor fault occurs.

2) ACOUSTIC TRACKING

The two Teledyne Benthos R-Series releases are used for
acoustic ranging. Using commands from the topside deck unit,
the operator can check the status of the releases, send the re-
lease command, adjust the acoustic settings, and obtain range
measurements. During testing, the DAP was monitored with
range-only tracking. Figure 4 shows a full dive of ranges plotted
against time as the ship loitered within roughly 3km of the
deployment site. The pattern of ranges indicates gaps during
which no ranges were received and an alternating pattern of
which beacon had a clear acoustic path to the ship.

The beacon transducer is omnidirectional, so there is no way
to determine the location or bearing to the beacon from a
single range. A rough estimate of the location can be calculated
using multiple ranges, the ship’s location, and a model of
DAP’s vertical motion. Such range-only navigation methods
are common for underwater vehicle tracking and vary de-
pending on the measurements available and the quality of any
models that predict the vehicle motion relative to prior esti-
mated positions (Stutters et al. 2008; Kinsey et al. 2006;
Vaganay et al. 2000; Mandic et al. 2016). The unknowns in the
DAP’s implementation are the depth of the vehicle after de-
ployment or once it has left the bottom for the ascent and the
horizontal range to the vehicle relative to the ship.

The depth of the DAP can be estimated with a motion model
using an assumed buoyancy, drag coefficient, and water-
column density. Inputs to the model include the launch time,
bottom time, and the anticipated vertical speeds at the surface
and bottom. A graphical user interface allows the user to set
the deployment and off-bottom times and adjust the parame-
ters to fine-tune the model. Because of the seawater density
change with depth, compression of the foam, and differences in
the up and down drag coefficients, the vehicle speed varies with
depth and direction. By evaluating several deployments with
different ballasting, the downward and upward drag coeffi-
cients were calculated as 0.73 and 1.02, respectively, each with
approximately a 5% error. For this calculation, the frontal area
of the vehicle was specified as 1.56 m?, which is the area within
the upper frame ring that is largely blocked by the foam pack.
During descent, it seems that the hanging ballast weights break

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 38

Beacon ranges
:

® #F o= xgp @

g‘*ox‘

§
el
cr:3000*5 % 4

H
;

%

5

8
s
%

X Beacon 1 %
O Beacon2 |
‘ ‘ 3

5 10 15 20
Dive time (h)

FIG. 4. Received ranges from the DAP while under way
throughout an entire dive. Typically, one beacon had a better
acoustic path as the ship moved around the dive location. There
were also gaps in which no responses were received.

the flow and effectively extend the length of the vehicle to
reduce the drag, while the blunt face of the foam increases drag
for the ascent. Additionally, the foam is less compressible than
seawater, resulting in an approximately 225N increase in
buoyancy at roughly 8000-m depth.

To simplify the speed calculations in the model, the speed
profile is assumed to be linear between the surface and bottom,
with each value initially estimated using the drag coefficients,
water density, and ballast condition for each deployment.
When an acoustic slant range to the vehicle is received, the
model calculates the expected depth of the vehicle at that time
and then calculates the horizontal range from the ship assum-
ing the slant range, estimated depth, and horizontal range
from a right triangle. Since no bearing information is available,
the horizontal range defines a circle of potential locations
around the ship. Repeating this process using multiple ranges
collected from different ship locations will cause the horizontal
range circles to overlap at fewer and fewer possible locations
until there is only one likely position estimate. In practice, the
estimated depth based on the model is used during the ascent
and descent phases of the dive to get a rough estimate of the
horizontal motion due to currents. Once the vehicle is on the
bottom, as confirmed by a distinct flattening in the acoustic range
versus times plot (Fig. 4), an estimated depth value can be used
to refine the position while the vehicle remains on the bottom.

3. Field-testing results

The DAP was tested in the Puerto Rico Trench for a total of
nine dives during September of 2018. The tests verified the ve-
hicle’s operations, checked the sensor accuracy at depth, and
demonstrated the utility of the adaptive water sampling method.

a. Sensor analysis

The SBE 9plus CTD has an stated initial accuracy of 0.001°C
and 0.3mSm ! at any pressure with a stability of 2 X 10~4°C
month™! and 0.3mSm ™! month™!. The Digiquartz pressure
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FIG. 5. Hysteresis correction comparison between the DAP raw and corrected oxygen data with the shipboard CTD raw and corrected
oxygen data. (left) Correction plots for a short dive (10-min bottom time) with parameter values H1 = —0.037, H2 = 5000, and H3 = 2000.
(right) Correction plots for a long dive (16-h bottom time) with parameter values H1 = —0.051, H2 = 5000, and H3 = 2200. For each side
(group of three plots), the left plot shows oxygen profiles against depth, the top-right plot shows the initial and corrected readings while on
the bottom, and the bottom-right plot shows the oxygen and temperature relationship.

sensor has an accuracy of 0.015% of full depth range. A
comparison between the DAP and the shipboard CTD
showed a mean difference of 0.021°C and 2.5mS m™" below
the mixed layer down to 5000-m depth. This difference is
reasonable given that the sensors were calibrated 6 months
before the trip.

The SBE 43 oxygen sensor uses a permeable membrane to
measure the dissolved oxygen in the water. Because of the
plasticity of the membrane and a change in its permeability at
pressure, the sensor experiences hysteresis, as shown in Fig. 5.
Sea-Bird acknowledges this issue and has guidelines to correct
for it (Edwards et al. 2010; Sea-Bird 2014) using tuning pa-
rameters (H1, H2, and H3) to bring the measurement closer to
the actual value. When adjusting these constants, Sea-Bird
suggests minimizing the hysteresis gap of oxygen against
pressure and of oxygen against potential temperature while
attempting to eliminate the decay of the oxygen measurement
when the sensor is at a constant pressure, such as when sitting
on the bottom.

The shipboard CTD’s oxygen sensor (another SBE 43 oxy-
gen sensor) was used as the tuning benchmark for the Puerto
Rico tests. The thick red line on the plots (Fig. 5) shows the
corrected profile using Sea-Bird’s algorithm, and the thin green
and thick purple lines show the shipboard CTD’s raw and
corrected data as a reference.

One issue with this correction method is that the pressure
effect has a long time constant and the parameter values de-
pend on the time—pressure history for each dive. For some

dives during our tests the system remained on the bottom for
hours, which affected the membrane more. As a result of this
inconsistency, each dive needs the tuning variables to be ad-
justed based on the dive depth and time-at-pressure to remove
the hysteresis. The hysteresis effect was much less noticeable
for the shipboard CTD cast, which only went to 5000-m depth
and immediately returned to the surface.

A potential remaining issue with the profile is the validity of
the measured increase in oxygen below approximately 6000 m.
Between 5000- and 6000-m depth, the reduction in tempera-
ture of 0.03°C and salinity change of 0.04 psu corresponds to
the observed reduction in measured oxygen over that depth
range. Beyond 6000 m the oxygen appears to increase linearly
at different rates, depending on how much time the sensor was
on the bottom (Fig. 5). This time dependence indicates that the
increase is likely a sensor artifact that is not completely com-
pensated for by the hysteresis correction. Unfortunately, the
oxygen concentration was not directly measured in the col-
lected high pressure samples for comparison. In addition, data
from deep water in the Izu-Ogasawara Trench show a nearly
constant oxygen concentration below 6000m (Gamo and
Shitashima 2018), which also suggests the increase we observed
with depth in the Puerto Rico Trench is a sensor artifact.

b. Water sampling

During testing, the depth-triggered method was used to
distribute the Niskin bottle samples evenly throughout the
water column (Fig. 3). The software accurately triggered
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FIG. 6. Adaptive sampling examples: (a) temperature gradient profile used to identify gradient bottles to be sampled. (b) temperature
sampling bottles at deep (bottle 5) and shallow (bottle 2) gradients with 100-m offsets around each gradient and (c) oxygen adaptive

example of a maximum (bottle 1) and minimum (bottle 2).

bottles when the indicated depth was reached during the as-
cent. A slight sample lag of about 1 m is expected because of
the continuous movement of the DAP and the typical delay in
the SBE 32’s action. The bottom time delay sampling was used
during overnight deployments where the vehicle was parked
for extended periods of time. The time series was collected to
determine if sediment kicked up from the weights hitting the
bottom was captured in the water samples. By taking samples
upon impact and then with delays of 5, 10, 15, 30, 60 min, and
each hour afterward, we observed the presence of sediment in
the filtered water samples collected within the first hour after
landing on the bottom.

The adaptive algorithm was first tested offline using data
collected on previous deployments. This testing capability is
embedded in the vehicle’s operating software and any adaptive
sampling scheme can be tested prior to deployment to confirm
that the sample bottles will be triggered at the desired water-
column features. The adaptive sampling method depends on
minimal temporal change of the water column to sample fea-
tures on the ascent after analyzing the downcast data. The
comparison between the descent and ascent profiles below the
mixed layer showed temperature and salinity differences less
than 0.08°C and 0.01 psu. These small differences indicate the
Puerto Rico Trench water column is sufficiently stationary
over time for this sampling scheme.

The success of the adaptive sampling method used during a
deployment can be seen in Fig. 6. The targeted temperature
features were local maxima on the gradient plot in Fig. 6a.
The main thermocline below the surface mixed layer was

successfully sampled with bottle 2 in Fig. 6b. A hadal ther-
mocline was identified by limiting the range window to 5000 m
and below. Bottles 1, 3, 4, and 6 were taken with a 100-m offset
to collect samples above and below the peak gradients.
Figure 6¢ shows the sampling using the oxygen data. Bottles 1
and 2 were collected at the oxygen maximum and minimum,
respectively.

Figure 7 shows the combination of the sampling methods.
The red symbols indicate depth and bottom samples, and the
black symbols show adaptive points of thermoclines (bottles 17
and 18), oxygen minimum (bottle 19), and salinity minimum
(bottle 20). Each dive on the test cruise used a different com-
bination of depth, time-based, and adaptive sampling to collect
water from all areas of the profile. Overall, the adaptive system
located and sampled the water-column features as desired.
In practice, a user can use the offset and range window to
refine the sampling and compensate for any variability in the
water column.

c. Deep-water sample analysis

The DAP reached 8370 m over multiple dives (reaching a
maximum depth of 8377 m) to sample the bottom water from
the Puerto Rico Trench during sea trials. The radiocarbon
content of this bottom water was analyzed to determine its
mean age (the time since its last exposure to the atmosphere).
Previous studies extrapolated from data at distant sites to es-
timate the age of bathyal and/or abyssal water near the Puerto
Rico Trench, with most estimates in the range of 250-300 yr
(England 1995; Broecker 1979; Gebbie and Huybers 2012;
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FIG. 7. Example of the combination of depth-distributed bottles (red asterisks) with supplemented adaptive bottles (black symbols).
Bottles 17 and 18 are thermoclines, bottle 19 is the oxygen minimum, and bottle 20 is the salinity minimum.

Holzer et al. 2010; Matsumoto 2007). The estimates vary from
study to study, because the local ratio of North Atlantic Deep
Water (NADW) to Antarctic Bottom Water (AABW) is not
precisely constrained, the estimation methods differ between
studies, and the water depths for which age is estimated also
differ between studies. The distinct properties of these deep-
water sources are presented in Broecker et al. (1991, 1998) and
Orsi et al. (1999).

The radiocarbon age of a sample is determined by measuring
the radiocarbon (A'*C) content of the water. Because the ra-
diocarbon content of the surface ocean does not fully equili-
brate with the atmosphere at sites of deep-water formation, the
radiocarbon age of deep water is invariably older than the age
of deep-water formation. To calculate the time since deep-
water formation, this “‘reservoir’’ effect must be accounted for.

The reservoir value varies from one deep water mass to
another. To determine the ventilation age of a deep sample,
reservoir values need to be considered in proportion to the
contribution of each water source (e.g., NADW and AABW).
The proportion of the source waters can be determined from
concentrations of conservative chemical tracers in the sample,
such as SiO,, NO, and PO¥ (phosphate adjusted by Redfield
ratio and O, consumption) (Broecker and Peng 1982).

Three different Niskin-bottle samples of bottom water from
the Puerto Rico Trench were sent to the National Ocean
Sciences Accelerator Mass Spectrometry facility at the Woods
Hole Oceanographic Institution to be radiocarbon dated. The
samples were fixed with HgCl, and refrigerated on board
immediately following DAP recovery by the ship. The re-
sulting radiocarbon (A'C) values are —113.15%,, —113.59%,,

and —118.939/, corresponding to radiocarbon ages of 900 * 30,
905 = 25, and 950 = 25 yr, respectively.

To calculate the mean time since hadal water in the Puerto
Rico Trench was last exposed to the atmosphere, these ra-
diocarbon ages need to be corrected using a reservoir quan-
tity that is adjusted for the AABW to NADW mixing ratio.

TS Diagram of Puerto Rico Trench (8377 m)
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FIG. 8. A temperature—salinity plot of water below 1200-m
depth. The small constant temperature plateau between the
NADW and AABW is made up of water below 6000 m.
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FIG. 9. Example of a successful range-only acoustic navigation system with properly set
movement model and acoustic parameters to locate a deployed vehicle at 19°42.6'N by

66°27.47'W.

Figure 8 shows the temperature—salinity diagram of the bottom
water, which is just outside the expected properties of NADW
and indicates a small amount of AABW is likely present.

The tracer compounds of SiO, and NO used in Broecker
(1979) to determine the deep water ratio between AABW and
NADW were not measured in our samples. Instead, PO} was
calculated using the Redfield ratio of PO,4 and O, as described
in Broecker and Peng (1982) and Broecker et al. (1998). This
tracer indicates that hadal water in the Puerto Rico Trench is
approximately 18% AABW and 82% NADW. Given reservoir
values of —1409,, for AABW and —579,, for NADW (Broecker
et al. 1998; Gebbie and Huybers 2012), these percentages
yield a reservoir value of —729,, and a reservoir age of 600 yr
for hadal water in the trench. When this reservoir age is sub-
tracted from the samples’ radiocarbon ages, the resulting es-
timate for the average of the three samples is 318 *+ 25 yr. This
age is slightly older than the estimates of 250 to 300yr for
overlying bathyal and abyssal water. This result suggests that
hadal water in the Puerto Rico Trench turns over relatively
rapidly, as predicted by analyses of hydrographic data in the
Puerto Rico Trench region (van Haren and Gostiaux 2016;
Schmidt and Siegel 2011) and western Pacific trench regions
(Johnson 1998; Taira et al. 2004).

d. Range-only acoustic navigation

The range-only acoustic navigation system was used to lo-
cate the system while deployed. Figure 9 shows an example of
successfully pinpointing the DAP where all the range circles
overlap at 19°42.6'N by 66°27.47"W. The ship’s path is also
shown with the color indicating from which release the signal

came. Typically, only one release provided a range at a given
time. This is likely due to which side of the DAP has a direct
path to the ship while the vehicle’s foam pack is likely blocking
the other. Other dropouts occurred without obvious explana-
tion but were generally alleviated by moving the ship around
the vicinity.

The main uncertainty with the tracking is caused by errors
within the depth model or the bottom depth estimate. If the
vertical speeds or start time are incorrect, the triangulation will
estimate an incorrect horizontal distance. If the predicted de-
scent speed is too fast, the model-estimated depth can become
greater than the range and lead to an ill-conditioned solution.
This error can occur when the ship is positioned over the DAP
and the horizontal distance is short relative to vehicle’s depth.
If this occurs during operations, the operator is prompted to
reset the model speeds or estimated depth until a consistent
solution is found. In practice, adjustments to the model speeds
were generally less than 10% of the anticipated value and
mostly depended on how well the mass of a particular stack of
ballast weights was known and if the configuration of the DAP
had changed from prior deployments. In situations where the
DAP configuration is consistent and prior dive data are avail-
able the model can be used with very little adjustment.

Another potential source of inaccuracy is ray bending due to
sound speed changes with depth. To compensate for the sig-
nificant sound speed change, the range is calculated using the
actual sound speed profile, if known from a prior deployment,
or an estimated sound speed profile at the deployment loca-
tion. To determine the effect of ray bending throughout the
profile ray traces were performed using the BELLHOP model
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(Porter 2011) with the measured Puerto Rico Trench sound
speed profile. This analysis confirmed that since the depth is
much greater than the horizontal range the errors from ray
bending are very small, remaining less than 0.3 m within 1.5 km
of the actual position. As such, ray bending has little effect at
the ranges of interest because the sound is hitting the speed
gradients at high grazing angles. When the range is extended
out to 10km, the error grows to 20m but still remains small
enough to neglect for the real-time tracking.

4. Conclusions

The DAP was designed to bridge the sampling gap between
shipboard CTDs and bottom landers, to enable effective
sampling over the entire global range of seawater depths (0-
11km). The vehicle is able to autonomously operate to full
ocean depth and target features of the water column at every
depth while allowing other shipboard operations to be un-
dertaken concurrently. This independent operation offers
significant potential for saving time and expense during ship
operations in bathyal, abyssal, and hadal waters. With a full set
of Niskin bottles, the vehicle can retrieve significant quantities
of water from great depths, which has traditionally been in-
feasible. This capability provides the means to collect and filter
large quantities of water for a wide range of chemical and bi-
ological oceanographic measurements throughout the full
range of seawater depths. The vehicle will provide an efficient
means of sampling for measurements of deep-water ages.
Collecting deep water at multiple stations will provide novel
insight into the spatial variability of chemical and biological
properties within a trench and between trenches. It will provide
the means for identifying biological and chemical traits asso-
ciated with the mixing of deep water masses, advancing insight
into the origins of the microbial communities found in deep
water, and testing the extent to which particles are actively
colonized by pressure-adapted communities as they sink to
progressively greater depths.

The vehicle travels at a nominal speed of 60 mmin
through the water column, using drop weights for descent and
syntactic foam for ascent. A CTD and an oxygen sensor are
used to monitor the water column as the vehicle travels.
Samples are taken with Niskin bottles while on the bottom or
on the ascent. A sampling plan is loaded onto the vehicle to set
the expected bottom/mission times, maximum depth, system
aborts, and desired sample criteria.

The system was successfully deployed in the Puerto Rico
Trench to a depth of 8370 m on multiple dives. The depth-
specified and adaptive method were able to sample the gradi-
ents, maximums, and minimums of the water column on the
ascent. The range-only tracking was effective but suffered
some range dropouts, due to the operating depth and relative
positioning of the ship and the vehicle. Water samples col-
lected in the trench were radiocarbon dated, producing a mean
age estimate of approximately 318 yr. Comparison of this result
with estimates of water-mass ages at shallower depths suggests
that hadal water in the trench is ventilated relatively rapidly.
Oxygen profiles were also collected with a deep-rated SBE 43
sensor. This sensor matched the shipboard CTD cast data well
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for depths shallower than 5000 m. At greater depths, the sensor
exhibited a distinct time-dependent hysteresis artifact that
needed to be corrected in postprocessing. The correction
largely addressed the hysteresis loop but left an unresolved
trend of increasing oxygen concentration below 6000 m. This
seems inconsistent with oxygen data collected in another deep
trenches and suggests the correction is still not fully sufficient.
To better resolve this issue, it will be necessary to collect ad-
dition profiles and pair those with measurements taken directly
from the water collected in the Niskin samples at multiple
depths. This would indicate the degree to which the correction
deviates at deeper depths.

Improvements to the DAP for future deployments will in-
clude streamlining of mission planning and support for addi-
tional sensors. The vehicle has the capability for adding other
adaptive sampling methods and sensors in a modular fashion.
Because the current vehicle does not actually sit on the sea-
floor, some modifications to the drop weight system would be
needed to position sensors closer to the sediment water inter-
face. The operating endurance could be improved with better
power management or sleep modes for the computer. The time
series sampling on the bottom would benefit from a mechanism
to flush the bottles prior to sampling, to ensure that the captured
water has not been stagnant in the bottles before collection. In a
quiescent deep environment, the ventilation of the open Niskin
bottles may take considerable time without active flushing. We
anticipate addressing many of these issues on planned expedi-
tions back to the Puerto Rico Trench and Cayman Trough.
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APPENDIX

Mission-Plan Setup

An example mission plan that lists the global parameters and
three example Niskin bottles is shown below. The global pa-
rameters define the expected dive information, set conditional

Unauthenticated | Downloaded 12/22/22 08:20 PM UTC


https://doi.org/10.7284/134455
https://doi.org/10.7284/134455
https://www.bco-dmo.org/project/849231
https://www.bco-dmo.org/project/849231

1844

flags, and define the latitude for the pressure-to-depth con-
version. In this mission, bottle 1 will trigger at 8000-m depth.
Bottle 2 will trigger at the minimum oxygen value deeper than
4000 m. Bottle 3 will trigger where the water temperature is
8°C. This text file can be generated by hand or with a graphical
interface that lists all of the parameter options.

When the mission file is parsed at the start of a dive, any
sample bottles with adaptive criteria are entered into a list. The
system then buffers the sensor data feeds while the vehicle is
descending. The recording stops when the system reaches the
bottom. The criteria for each adaptive bottle are then used to
determine a sample depth within the water column. These
depths are then passed to the trigger actuation process and
combined with any bottles already set for a specific depth in
the mission plan.

The example mission plan looks like the following, with “#”
indicating the beginning of a comment:

GLOBAL

mis_timeout 00:10:00 # sec or min:sec or hr:min:sec
bottom_time 00:02:00 # sec or min:sec or hr:min:sec
max_depth 250 # positive meters
enable_battery_abort 1 # (0) no (1) yes
battery_cutoff 20 # percent capacity
enable_ctd_abort 1 # (0) no (1) yes
latitude 42 #latitude in decimal degrees
ENDGLOBAL

BOTTLE
number 1
trigger DEPTH
value 8000

ENDBOTTLE

BOTTLE
number 2
trigger OXYGEN
value MIN
state UP
range [4000:BOTTOM]
ENDBOTTLE

BOTTLE
number 3
trigger TEMPERATURE
value 8
state UP
ENDBOTTLE
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