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Abstract—Phytoplankton patches in the coastal ocean have
important impacts on the patterns of primary productivity, the
survival and growth of zooplankton and ﬁsh larvae, and the
development of harmful algal blooms (HABs). We desire to
observe microscopic life in a phytoplankton patch in its natural
frame of reference (which is moving with the ocean current),
thereby permitting resolution of time-dependent evolution of the
population. To achieve this goal, we have developed a method
for a Tethys-class long range autonomous underwater vehicle
(AUV) (which has a propeller and a buoyancy engine) to detect,
track, and sample a phytoplankton patch in buoyancy-controlled
drifting mode. In this mode, the vehicle shuts off its propeller
and actively controls its buoyancy to autonomously ﬁnd the peakchlorophyll layer, stay in it, and trigger water sampling in the
layer. In an experiment in Monterey Bay, CA in July 2015, the
Makai AUV, which was equipped with a prototype 3rd-generation
Environmental Sample Processor (3G-ESP), ran the algorithm to
autonomously detect the peak-chlorophyll layer, and drifted and
triggered ESP samplings in the layer.
Index Terms—Autonomous underwater vehicle (AUV), Environmental Sample Processor (ESP), phytoplankton patch, peak
detection, drifting, tracking, sampling.

I. I NTRODUCTION
Phytoplankton patches in the coastal ocean have important
impacts on the patterns of primary productivity, the survival
and growth of zooplankton and ﬁsh larvae, and the development of harmful algal blooms (HABs) [1]–[5]. We desire to
observe microscopic life in a phytoplankton patch in its natural
frame of reference (which is moving with the ocean current),
thereby permitting resolution of time-dependent evolution of
the population [6]–[8]. Toward this end, we have developed
a method for a Tethys-class long-range autonomous underwater vehicle (AUV) (which has a propeller and a buoyancy
engine) [9], [10] to detect, track, and sample a phytoplankton
patch in buoyancy-controlled drifting mode.
A Tethys-class long-range AUV [9] is a propeller-driven
vehicle that can run at a speed between 0.5 to 1 m/s. It
has a length of 2.3 m ∼ 3.2 m (depending on payload
conﬁguration), and a diameter of 0.3 m at the midsection.
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The AUV also has an oil-ﬁlled buoyancy engine which enables the vehicle to drift at neutral buoyancy at lower power
consumption [10]. The AUV thus combines the capabilities
of propeller-driven and buoyancy-driven vehicles. The AUV’s
sensor suite includes Neil Brown temperature and conductivity
sensors, a Keller depth sensor, a WET Labs ECO-Triplet Puck
ﬂuorescence/backscatter sensor, an Aanderaa dissolved oxygen
sensor, an In Situ Ultraviolet Spectrophotometer (ISUS) nitrate
sensor, a LI-COR Photosynthetically Active Radiation (PAR)
sensor, and a LinkQuest or Rowe Doppler velocity log (DVL).
The AUV’s buoyancy engine comprises an internal oil
reservoir, an external oil bladder, and a pumping system that
moves the oil between the internal reservoir and the external bladder to adjust the vehicle’s buoyancy. The buoyancy
adjustment principle is the same as that for ﬂoats [11] and
gliders [12], [13]. However, we use a gear pump that can
move oil in both directions which allows for fast and accurate
buoyancy adjustment. The oil volume in the internal reservoir
is measured using a string potentiometer connected to the
piston, based on which the oil volume in the external bladder is
deduced for calculating the buoyancy. To decrease buoyancy,
the buoyancy control system moves oil from the external bladder to the internal reservoir. Conversely, to increase buoyancy,
the system moves oil in the opposite direction. Prior to a
science deployment, the AUV runs ballast tests (in a test tank
and then in the ocean) to determine the proper oil volume (in
the external bladder) for achieving neutral buoyancy.
The Environmental Sample Processor (ESP) is a submersible robotic instrument that performs real-time, autonomous sample acquisition and in-situ molecular analysis
using DNA and protein probe arrays, to identify microorganisms as well as as phycotoxins [14], [15]. To enable mobile
ecogenomic sensing, a compact and modular 3rd-generation
ESP (3G-ESP) is developed and installed in the Makai long
range AUV [16]. The 3.2 m long, 160 kg Makai AUV is shown
in Figure 1. This integration combines the ESP’s autonomous
sampling and genomic sensing capabilities and the long range
AUV’s mobility, persistence, multidisciplinary sensor suite,
and targeted sampling capabilities. In the 3G-ESP, each water
sampling unit is contained in a cartridge, installed on a circular
wheel [16]. Up to 60 cartridges can be installed. Seawater ports
connecting to a center ring of valves provide each cartridge
access to the seawater supply. The water samples can be
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preserved for later analysis in the laboratory, or processed
immediately for real-time reporting.
To efﬁciently and intelligently use this system, we develop
targeted sampling algorithms for the AUV to autonomously
ﬁnd the targeted oceanographic feature and trigger ESP sampling in the feature. In this paper, we present a method and
experimental results of using the ESP-bearing AUV to detect,
track, and sample a phytoplankton layer.

Fig. 1. The Makai long range AUV which is equipped with a 3G-ESP.

Chllp max (the peak of the Chllp signal) and the corresponding depth DEPChlP eak .
2) When reaching depth DepDeepBound , the vehicle increases buoyancy to turn to an ascent. To conﬁrm
the turn from descent to ascent, the AUV checks the
following two conditions [19]: 1) The depth has decreased four times in a row. 2) The depth has decreased
from the maximum depth by more than 1 m. Once
the turn is conﬁrmed, the vehicle reports the peak
signal value Chllp max of the entire descent leg and
the corresponding depth DEPChlP eak . In the mission
script, the value of DEPChlP eak is saved at depth
DepDeepBound − 1.5 m on the ascent leg.
3) On the ascent, when the AUV reaches depth
DEPChlP eak , it controls buoyancy to stop and remain
at that depth. It takes a few minutes for the initial depth
overshoot to damp down. Then the AUV can trigger
water sampling at pre-programmed time intervals or on
an adaptive sampling scheme (i.e., when certain waterproperty conditions are met).

II. AUTONOMOUS D ETECTION , T RACKING , AND
S AMPLING OF THE P EAK -C HLOROPHYLL L AYER IN
D RIFTING M ODE
We previously developed peak-capture methods for an AUV
in ﬂight mode (on a sawtooth trajectory in the vertical dimension) to accurately detect and trigger water sampling in a phytoplankton thin layer [17] or subsurface oil plume [18]. Based
on this method, we designed the drifting-mode autonomous
peak detection and tracking algorithm which comprises the
following key components.
A. Low-Pass Filtering of Chlorophyll Measurement
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To remove spurious peaks due to measurement noise, the
raw chlorophyll measurement is low-pass ﬁltered by an N sample moving-average window:
Chllp (n) =



(1)

where n is the index of the current time; Chl(n) is the raw
chlorophyll measurement; Chllp (n) is the low-pass ﬁltered
signal. Note that this low-pass ﬁlter leads to a delay of (N 2−1)
samples.
B. Detection of the Peak-Chlorophyll Layer, and Drifting and
Sampling in the Layer
Suppose a peak chlorophyll layer lies somewhere between
the sea surface and a certain depth bound DepDeepBound . The
AUV operates in the following steps to autonomously ﬁnd the
peak chlorophyll layer, and drift and sample in the layer, as
illustrated in Figure 2.
1) The AUV shuts off its propeller. From the surface, the vehicle decreases buoyancy to descend
to DepDeepBound . On the descent, the AUV seeks

Fig. 2. Illustration of the algorithm for autonomous detection of the peakchlorophyll layer, and drifting and sampling in the layer. The darkness level
represents the chlorophyll signal level — the darker, the higher chlorophyll
signal level. The darkest layer represents the peak-chlorophyll layer.

C. Reacquiring the Peak-Chlorophyll Layer When It Moves
up or Down
Phytoplankton patches move over time due to environmental
conditions and phytoplankton’s behavior. For example, diurnal
vertical migration of phytoplankton [20] will cause a peak
chlorophyll layer to move up or down. While the AUV drifts
at depth DEPChlP eak , it keeps monitoring the chlorophyll
signal level. Vertical displacement of the peak chlorophyll
layer will cause the AUV-measured chlorophyll signal level
at DEPChlP eak (the old peak depth) to drop.
When the chlorophyll signal level drops below a certain
threshold, the AUV will restart a vertical search to ﬁnd the
new peak-chlorophyll depth and track the layer. Presuming
the new peak-chlorophyll depth DEPChlP eak new lies within
a vertical distance of V ertP erburb from DEPChlP eak (i.e.,
within a depth range DEPChlP eak ± V ertP erburb), the peak
reacquisition steps are as follows, as illustrated in Figure 3.

In the ﬁrst mission on 22 July 2015, the Makai AUV started
with an initial yo-yo survey (as shown in the left part of
Figure 4), through which a subsurface chlorophyll layer was
observed. After a quick inspection of the transmitted data that
showed this layer, the shore operator issued a command to the
AUV to start the autonomous peak detection and sampling
mission, as shown in the right part of Figure 4. The AUV’s
depth and chlorophyll measurements are shown in Figure 5.
The vehicle was in drifting mode (with the propeller shut off)
in the peak-detection phase and in the break between the two
ESP sampling durations, but in each sampling duration the
vehicle turned on the propeller to run circles at the peakchlorophyll depth. Hence each water sample is a mixture of
water taken over some horizontal scale.
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However, within each water sampling duration, the AUV
will maintain its depth to guarantee consistency of the water
sample.

A. The First AUV Mission

Depth (m)

1) When Chllp (monitored by the AUV) falls below
Chllp max × α where α is a fraction value smaller
than one (e.g., 0.7), the AUV determines that the peak
layer has moved up or down, away from the tracked
depth. The vehicle increases buoyancy to ascend to depth
DEPChlP eak − V ertP erburb.
2) When reaching depth DEPChlP eak − V ertP erburb,
the AUV decreases buoyancy to descend to depth
DEPChlP eak + V ertP erburb. On the descent, the vehicle seeks Chllp max new (the new peak of the Chllp
signal) and the corresponding depth DEPChlP eak new .
3) When reaching depth DEPChlP eak + V ertP erburb,
the vehicle increases buoyancy to turn to an ascent.
Once the turn is conﬁrmed, the vehicle reports the peak
signal value Chllp max new of the preceding descent leg
and the corresponding depth DEPChlP eak new . In the
mission script, the value of DEPChlP eak new is saved
at depth DEPChlP eak + V ertP erburb − 1.5 m on the
ascent leg.
4) On the ascent, when the AUV reaches depth
DEPChlP eak new , it controls buoyancy to stop and
remain at that depth. After the initial depth overshoot
damps down, the AUV can trigger water sampling when
drifting at DEPChlP eak new .
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Fig. 3. Illustration of the algorithm for reacquiring the peak-chlorophyll layer
when it moves down. The darkness level represents the chlorophyll signal level
as in Figure 2.

III. F IELD E XPERIMENT
In July 2015, we tested a prototype 3G-ESP (containing 5
water sampling cartridges) on the Makai long range AUV in
Monterey Bay, CA. The AUV ran the presented algorithm to
autonomously detect the peak-chlorophyll layer, and triggered
ESP samplings in the layer (and away from the layer for
comparisons). The ﬁve water samples were acquired in two
AUV missions described as follows.
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Fig. 4. The Makai AUV’s initial yo-yo survey (left part), followed by the
autonomous peak detection and sampling mission (right part).

With the propeller shut off, the vehicle decreased buoyancy
to descend from the surface. DepDeepBound was set to 30 m,
given the prior information that the chlorophyll layer was
shallower than this depth. On this descent, the AUV detected
the chlorophyll peak at DEPChlP eak = 10.6 m and the peak
signal level was Chllp max = 3.6 μg/L.
The sampling frequency of the raw chlorophyll ﬂuorescence
measurement was 10 Hz (i.e., 0.1 s sampling interval). We set
the low-pass ﬁlter window length N = 20 (equivalent to 2 s)
to suppress measurement noise. This low-pass ﬁlter leads to a
delay of (N 2−1) ≈ 10 samples, equivalent to 1 s time delay. The
AUV’s descent speed was about 0.04 m/s. Therefore, the 1 s
time delay corresponded to a 0.04 m error in the reported peakchlorophyll depth. Considering phytoplankton thin layers’
typical thickness of tens of centimeters to a few meters, this
depth error is negligible. Nevertheless, to guarantee accuracy
when a longer low-pass ﬁlter is used, we will correct this error
in the improved program, as done in a previously developed
ﬂight-mode AUV peak-capture algorithm [18].
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Fig. 5. The AUV’s depth and chlorophyll measurements during the ﬁrst
peak detection and sampling mission. The low-pass ﬁltered chlorophyll signal
Chllp is shown in green in the lower panel. The peak-chlorophyll detection
point is marked by the asterisk in the upper panel. The starting and ending
points of the two ESP samplings are marked in both panels.
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Fig. 6. The Makai AUV’s initial yo-yo survey (left part), followed by the
second autonomous peak detection and sampling mission (right part).
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When reaching 30 m depth, the AUV increased buoyancy to
turn to an ascent. When reaching the peak-chlorophyll depth,
the vehicle controlled buoyancy to stop and remain at that
depth. After a 10-minute interval for the depth overshoot to
damp down, the AUV turned on the propeller to 300 RPM
(corresponding to 1 m/s speed) and set the rudder angle to
13◦ to run in circles at the peak-chlorophyll depth. The AUV
triggered ESP sample #1 at 11.0 m depth. The sampling
process took about 21 minutes. Then the AUV turned off
the propeller and reset the rudder angle to zero. After a 10minute interval, the AUV again turned on the propeller to 300
RPM and set the rudder angle to 13◦ to resume circling at the
peak-chlorophyll depth. The AUV triggered ESP sample #2 at
11.0 m depth. The sampling process took about 53 minutes.
Once the sampling was completed, the mission terminated and
the vehicle ascended to the surface.
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Fig. 7. The AUV’s depth and chlorophyll measurements during the second
peak detection and sampling mission.

B. The second AUV Mission
In the second mission on 24 July 2015, the Makai AUV also
started with an initial yo-yo survey (as shown in the left part
of Figure 6), through which a subsurface chlorophyll layer
was observed. The shore operator issued a command to the
AUV to start the autonomous peak detection and sampling
mission, as shown in the right part of Figure 6. The AUV’s
depth and chlorophyll measurements are shown in Figure 7.
Throughout this mission, the vehicle was in drifting mode,
with the propeller shut off and the rudder angle set to zero.
The AUV decreased buoyancy to descend from the surface
to DepDeepBound = 30 m. On this descent, the AUV detected
the chlorophyll peak at DEPChlP eak = 13.4 m and the peak
signal level was Chllp max = 4.9 μg/L.

When reaching 30 m depth, the AUV increased buoyancy to
turn to an ascent. When reaching the peak-chlorophyll depth,
the vehicle controlled buoyancy to stop and remain at that
depth. After a 10-minute interval for the depth overshoot to
damp down, the AUV triggered ESP sample #3 at 13.8 m
depth. The sampling process took about 51 minutes. The depth
undulation range during the sampling process was [13.0 m
14.0 m], within ±0.6 m from DEPChlP eak = 13.4 m.
Subsequently the AUV moved up to 6 meters above
DEPChlP eak , and after a 10-minute interval, triggered ESP
sample #4 (the sampling process took about 50 minutes). Then
the vehicle moved down to 6 meters below DEPChlP eak ,

and after a 10-minute interval, triggered ESP sample #5 (the
sampling process took about 50 minutes). These two samples
are for comparison with the “in-layer” sample #3.
Note that over the 3-hour drifting and sampling process, the
vehicle drifted eastward for about 0.85 km. The current speed
was estimated to be about 0.08 m/s.
IV. C ONCLUSION
We have developed a method for a Tethys-class long range
AUV to autonomously detect, track, and sample a phytoplankton patch in buoyancy-controlled drifting mode. In an
experiment in Monterey Bay in July 2015, an ESP-bearing
long range AUV demonstrated the method by autonomously
detecting the peak-chlorophyll layer, and acquiring ﬁve water
samples in the layer (and away from the layer for comparison).
The water samples are being analyzed. On the basis of this
algorithm, we will design methods to enable multi-AUV
collaborative tracking and sampling of chlorophyll patches.
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