Sensor Platforms for Multimodal Underwater Monitoring
Ryan Kastner∗ , Albert Lin† , Curt Schurgers† , Jules Jaffe‡ , Peter Franks‡ , and Brent S. Stewart§
∗ Computer

† California

Science and Engineering Department, University of California, San Diego
Institute of Telecommunications and Information Technology, University of California, San Diego
‡ Scripps Institution of Oceanography, University of California, San Diego
§ Hubbs-SeaWorld Research Institute, San Diego

Abstract—Surprisingly little is known about underwater marine environments and ecosystems owing to several factors.
One important factor has been the general inability to observe
and monitor these massive subsurface ocean spaces. Despite
significant advances in sensor, communication and computing
technology, underwater sensor platforms are generally inferior
to their terrestrial counterparts. Here we highlight several sensor
platforms that are currently being used and developed for
underwater monitoring applications. We focus on two monitoring
applications: 1) observation of whale sharks (Rhincodon typus);
and 2) transport, accumulation and dispersion of plankton. In
both cases, we describe the need for multimodal underwater sensor platforms to work in a cyber-physical mode, communicating
a variety of different sensor data among them systematically to
maximize acquisition of data. We think that this will substantially
enhance understanding underwater ecosystems.

I. I NTRODUCTION
The aquatic research community is rapidly equipping ecological sites with a broad range of sensors and data recording
instruments. Advanced sensing systems facilitate real-time,
large-scale experiments and monitoring of complex ecosystem
processes. Fundamental to these efforts is a broad suite of
environmental observations ranging from basic environmental
factors (e.g., water temperature, salinity and bio-optical variables) to more complex measurements (e.g., nutrient concentration and other measures of the status and vitality of marine
ecosystems).
Underwater monitoring is burdened by significant difficulties, particularly by technological challenges of packaging
sensors to resist saltwater intrusion and hydrostatic pressure
and deploying them in dynamic aquatic environments. Though
deployment of some sensor platforms have greatly enhanced
ocean observation, they have significant room for improvement. In particular, the individual sensors typically work in
isolation. They log data to local storage, and those data are
often only retrieved after the monitoring is complete. A much
more powerful way to leverage these platforms would be to
close the loop, and work in a true cyber-physical fashion where
a system of multimodal sensor platforms learn from and adapt
to all of the sensor data in a real-time manner.
We address here two underwater monitoring applications to
motivate the need for true cyber-physical monitoring solutions:
Monitoring of whale sharks; and, transport of plankton. In
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both scenarios, we provide an overview of the goals for
monitoring, describe the current technology used in these
applications, and then suggest some directions to develop
sensor platforms that would significantly advance exploration
and monitoring underwater environments. They highlight the
need for multimodal monitoring using of a variety of sensor
platforms working in a cyber-physical format.
We describe a number of sensor platforms that are currently under development. These include aerial and underwater
vehicles, and acoustic imaging and wireless communication.
These platforms are being developed to enhance underwater
monitoring. We describe exactly how they are now being
deployed, and how they can be modified to be more useful.
The remainder of the article is organized as follows. We provide an overview of the whale shark and plankton monitoring
applications in the next section. Section III provides details
on a number of sensor platforms that are useful in these monitoring applications. Section IV suggests potential directions
for improving these platforms to apply them effectively in the
two monitoring applications. We conclude in Section V.
II. M OTIVATING A PPLICATIONS
We motivate our work through two underwater monitoring
applications. These applications lie at opposite ends of the
spectrum. The first aims at classifying the movements and
behaviors of whale sharks (Rhincodon typus), the largest
fish on earth. The second focuses on substantially smaller
organisms, phyto- and zoo-plankton. In both cases, we provide an overview, describe existing monitoring solutions, and
finally discuss ideas on how to increase the effectiveness and
efficiency of the monitoring.
A. Whale Shark Monitoring
1) Overview: There is no other fish that grows as large
(the largest whale shark is over 12 meters and 20,000 kg),
yet there are few fishes of any size that are so poorly known
as the whale shark. These enormous filter-feeding sharks have
become known to appear for brief periods near a number of
widely scattered neritic coastal and coral reef habitats among
three of the Earths primary oceans, the Atlantic, Pacific, and
Indian. These seasonal aggregations are composed almost exclusively of young, sexually immature males who reappear in
some years before vanishing for the rest of their lives. Where
whale sharks mate and give birth are unknown. Likewise, the

whereabouts of males are unknown from the time they are
born until they are around three meters long and then longer
than six to eight meters long. Moreover, the whereabouts of
females at any times in their lives are virtually unknown.
Uncovering these mysteries has been a key initiative of
Dr. Brent Stewart’s research program at Hubbs-SeaWorld
Research Institute for the past two decades. Those efforts
have used multidisciplinary approaches and collaborative partnerships to probe population genetics, movements, diving
patterns, aggregation characteristics, and behavior of whale
sharks that are accessible for study to yield clues about the
whereabouts of the substantial missing elements of whale
shark populations, their mating areas, and their pupping areas
to help promote conservation of these charismatic marine
mega-vertebrates and their ocean habitats.
2) Existing Monitoring Solutions: Long-term studies of
whale sharks have typically depended on labor- and energyintensive surveillance of relatively small marine zones by boatbased or aircraft-based observers. Despite their remarkable
size, whale sharks are not easily spotted at sea (particularly
from boats) owing to their cryptic body coloration and their
tendency to infrequently and briefly approach the sea surface.
The use of aircraft can substantially enhance the chances of
detecting and studying whale sharks that are near the surface.
Portable sonar has been used in recent pilot studies to detect
whale sharks at depth and results suggest that it could be
a useful study approach with better sensing and imaging
equipment (B. Stewart, unpublished observations). Expanding
the use of both passive and active underwater acoustics could
also increase the likelihood of observing and studying whale
sharks.
Because these systems are developed individually, they are
created for a specific sensing modality. They work relatively
well in isolation (though they could be improved substantially)
but only poorly take advantage of potential synergies. For
example, the aerial and underwater sensors each can individually detect the presence of a whale shark, though they
miss important opportunities for inter-sensor collaboration and
mutual enhancement.
Moreover, the systems operate in a purely open-loop setup.
Knowledge of the environment is used during study planning
and data analysis, but there only very limited abilities for
adaptive modification during the actual experiments. Any
adaptive response requires a human in the loop (e.g., someone
might modify the course of the boat when the sonar detects
something in a particular area). Thus, while the cyber and
physical elements are clearly present, the current state of the
art systems are not true cyber-physical systems, as the computation and sensing elements do do not integrate functionally
(i.e., where the analysis of past data shapes or drives future
collection of data).
3) Ideal Monitoring Scenario: There is an urgent need to
develop and test other detection and surveillance methods to
complement, supplement, and extend those traditional methods
to document the habitats that are key to the vitality and
conservation of whale sharks and, more broadly, coral reef

ecosystems and to discover the locations where whale sharks
give birth and mate.
An ideal whale shark observation mission would involve
several sensing modalities working in a true cyber-physical
manner. The sensor data would be analyzed immediately and
influence the further collection of data. Data from individual
sensors would be combined into an integrated framework
that uses data from one sensing modality to influence the
operation of another. For example, the data collected from
the underwater acoustic sensors could be transmitted to the
aerial vehicles, allowing them to adjust their movements to
more productive observation locations.
B. Plankton Transport, Accumulation and Dispersion
1) Overview: One of the fundamental problems in studying
the biology of the ocean is that some of the smallest organisms
(e.g., larvae, algae) are constantly moving, but methods to
track them or predict where they will go over their lifetimes are
limited. This lack of knowledge is troubling, as the swimming
behavior of these organisms significantly affects their local
concentration [9], which in turn is directly correlated with
a great deal of biological activity in the ocean like primary
production, grazing and foraging of fish. These organisms
are weak swimmers, and their geographic movements are
principally determined by ocean currents while they have some
control on vertical position by varying their buoyancy. Our
research shows that plankton with depth-keeping behavior, for
example, will tend to accumulate in regions of ocean current
convergence, like the troughs of internal waves [10], [18], [12].
A specific application of plankton movement is for detecting, monitoring and predicting the presence and dynamics
dense blooms of toxic phytoplankton (e.g., dinoflagellates, or
diatoms like pseudo-nitzshcia). Many of these harmful algal
blooms appear suddenly at coastal sites, often over a tidal
cycle. Dinoflagellates are rather slow-growing, so these dense
red tides must have formed below the surface, where they
could have been growing for weeks prior to surfacing. They
can cause damage to regional fisheries and tourism, as well
as pose a significant human health hazard [21], thus a better
understanding would have significant societal benefits.
2) Existing Monitoring Solutions: The few existing plankton monitoring systems generally consist of moored optical
sensors, sometimes complemented by remote sensing by earthorbiting satellites. Both of these methods have poor spatial
acuity: the moored sensors may miss thin layers that do not
pass by the sensor, while satellite remote sensing cannot detect
layers more than one optical depth below the surface. For
example, dye-release experiments allow us to map circulation
patterns, which give us a better understanding of the movement
of plankton. But, the dye must be sampled using profiling or
moored instruments. Satellite readings of the dye are possible,
but again this is restricted to the surface layers.
Subsurface floats provide another method to monitor plankton. They can closely approximate Lagrangian behavior, while
at the same time gathering a wide variety of sensor data.
These types of vehicles have been used for over 50 years
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Fig. 1. Part (a) shows the gimbal supporting a Canon EOS Rebel T2i. Part (b) shows the stabilized aerial camera platform (SACP) suspending from a
tethered balloon.

[5]. But, even in deployments with multiple vehicles, each
one essentially acts independently [23], [19]. For example,
the Argo profiling floats [2], which operate at ocean-wide
scales, sample individually and have to resurface periodically
to localize via GPS and report information via satellite links.
3) Ideal Monitoring Scenario: An inexpensive way to
reproduce the behaviors of plankton, permitting the measurement of trajectories as well as environmental changes is
clearly needed. There is a need for technologies that help
understand the physical-biological interactions that underlie
patch formation, the connectivity of spatially separated regions, and the potential for planktonic transport, accumulation
and dispersion.
This requires a highly spatially and temporally resolved
monitoring system capable of generating frequent 4D maps
of their locations and their physical environment (water velocities, temperature, irradiance, etc.), for the price of one
“regular” mooring generating time series of data from a single
location. Moreover, the system should function as a network to
allow the individual sensor platforms to take actions based on
their local sensor data and also on global data collected by all
of the sensor platforms. Ideally, they will not have to surface
to communicate but rather be able to communicate whenever
necessary to work as a functional, adaptive and distributed
system.
III. S ENSOR P LATFORMS
We are developing and beginning to apply a number of
sensor platforms to address the monitoring needs of the
scenarios summarized above. These include aerial imaging
platforms, underwater vehicles, and acoustic imaging and communications solutions. Each platform provides unique benefits
for monitoring while coming with a set of constraints on their
usage.
A. Stabilized Aerial Camera Platform (SACP)
There is often a need to survey a monitoring site from
above. An ideal system is low cost, deployable for a long
period of time, and carries a large payload consisting of high

definition cameras and/or other sensors. Furthermore, it should
be operated by an untrained individual in the field.
There are several options for aerial surveillance. Manned
vehicles like small planes or helicopters are one possibility.
Unfortunately they are quite expensive and therefore can only
be used for limited amounts of time if at all. Unmanned vehicles like planes and helicopters are another option. However,
they have limited payloads and relative small flight times –
heavier and larger payloads limit the flight time and require
bigger, more expensive vehicles. Furthermore, these require an
expert to pilot them.
Tethered balloons are relatively easy to deploy and can
operate continuously for several weeks or more. They are
relatively inexpensive and they can carry a large payload. The
cost and payload are largely a function of the size of the
balloon. Small balloons (ca $50) have a payload of 1-2 kg. The
largest balloons cost $100,000+, but can carry several thousand
kilograms.. The balloon can be deployed from anywhere that
has a relatively open aerial clearance (e.g., a boat).
We have developed a stabilized aerial camera platform
(SACP) that enables more effective aerial surveillance. SACP
uses an actively stabilized gimbal with wirelessly or autonomously controlled pitch, roll and yaw. Figure 1 shows
the SACP holding a Canon EOS Rebel T2i and the SACP
suspended from the blimp. It is relatively inexpensive and
supports a large payload. The pictured balloon is a Kingfisher
Aerostat K12U-SC balloon. It is about 2 m high with a 3.5 m
diameter and carries a 7 kg. The balloon has a sail that helps
tremendously with directional stability.
The SACP uses an actively stabilized gimbal to control a
camera. It has three separate mechanical joints that independently control pitch, roll and yaw. An inertial measurement
unit (IMU) and a PID control loop stabilize the camera. It
can be programmed to orient in any sequence of arbitrary
directions. This can be done wirelessly by a remote operator,
in a pre-determined manner or autonomously. The camera
settings (e.g., shutter speed, aperture and ISO) can be also
be controlled. This enables a variety of functions including

quickly taking a picture in a region of interest or creating gigapan images by taking a sequence of pictures in a panoramic
manner and stitching them together (e.g., a gigapan image
of the La Jolla coastline taken from the UCSD Scripps Pier
using the SACP) [17]. Camera images can also be wirelessly
streamed in real-time from the camera to another place (e.g.,
the boat or an UAV).
B. Multirotor UAV
A multirotor unmanned aerial vehicle (UAV) offers an
inexpensive way to capture unique points-of-view by carrying
both video and still cameras in the air. They are popular among
model aircraft hobbyists and even used in commercial and
military applications, thanks to their omnidirectional maneuvering and hovering capabilities and inherent ability to avoid
hazards on the ground. They have garnered significant research
interest in the past decade [7], [6], [20], [16]. The abilities they
offer enable mapping, surveying, and other scientific sensing
activities. Figure 2 shows the multirotor UAV in flight.
We have developed several versions of multirotor UAVs
and used them as stable aerial platforms capable of carrying
advanced executing out missions autonomously. The current
UAV can carry a payload of several kg (e.g., a DSLR camera),
and can navigate autonomously to a set of GPS waypoints.
We have wireless communications with the UAV via a Zigbee
transceiver and a six to eight-channel radio receiver and
transmitter for standard first person view controllers. We can
also send data directly from the camera through an analog
or digital video wireless transmitter. We built a custom twoaxis gimbal for roll and pitch. The yaw is controlled directly
through the UAV itself and we have developed a two-controller
system. One person controls the UAV using a “virtual” nose
while the other controller controls the direction of the camera.
The pitch and roll commands go directly to the gimbal while
the yaw is controlled through the AUV itself. Consequently,
the two controllers work together to command the flight of the
vehicle.

Fig. 2. A custom quadrotor UAV being flown by two UCSD undergraduate
students. One is controlling the vehicle and the other is controlling the gimbal
which is carrying a GoPro Hero2.

C. Drifter
An autonomous buoyancy-controlled drifter is a vehicle that
can control its depth by changing its buoyancy, but is otherwise

carried entirely by the ocean currents. As such, drifters are
subjected to the same dynamics as ocean phenomena themselves. When equipped with appropriate sensors, an ensemble
of drifters forms a dynamic underwater sampling system.
It fits within a recent transformation in ocean exploration,
where instruments are becoming part of a true networked
sensing collective rather than being controlled individually [1],
[13], [15], [14]. Essentially, the vision of sensor networking,
advocating a tight coupling between the cyber and physical
world, is being extended to the oceanic domain.

Fig. 3. An Autonomous Underwater Explorer (AUE) or Drifter. The piston
underneath changes the volume/density to control the vehicle’s buoyancy.

Several generations of underwater drifters, nicknamed AUEs
(Autonomous Underwater Explorers), have been developed in
Jaffe’s lab [14]. The version shown in Figure 3 (about the size
of a basketball) has been equipped with the acoustic Micromodem from WHOI (Woods Hole Oceanographic Institution)
[11]. It has a piston for buoyancy control, sensors, processor
and batteries, and is able to follow depth, temperature or
density surfaces, or implement other sensor-driven tasks. It
has been operational for several years and is depth-rated to
over 100 m. Additional design modifications are underway
to include satellite communications and GPS tracking for use
on the surface. We have also designed a surface version of
the AUE. This surface drifter cannot submerge, but it does
have a GPS receiver and a transmission link to earth-orbiting
satellites. Consequently, it can serve the role of a surface
station.
We have also designed a mini-AUE, shown in Figure 4.
The body is 5 inches in height, and is equipped with depth
and temperature sensors, an accelerometer, satellite communications and a dual ballasting system. It has a hydrophone
to detect and record acoustic signals from the surface drifters.
This allows them to be localized via the differential travel
time from an array of accurately synched surface drifters.
One of their great advantages is that they can form clouds
of underwater microphones over ranges of kilometers that can
be used to localize underwater sound sources such as whales
in addition to being transported with the local flow patterns.

nonetheless. Sonar-based methods are used to map ocean floor
structure and to detect and classify a variety of objects. Sonar
can greatly expand the area that can be effectively surveyed
and can also document sub-surface characteristics that can not
be detected by surface observers (i.e., deeper than just a couple
of meters) or satellite and aircraft-based observers (i.e., deeper
than about 4-5 meters).
However, sonar provides much lower resolution images than
do optical cameras. Optical cameras can be used underwater
but their range is limited to relatively short distances even
in clear water. In contrast, sonar can potentially detect objects
over significantly long distances (10-100 km) regardless of the
underwater environment.
Fig. 4. A fleet of mini-AUEs. These smaller drifters are equipped with sensors
and hydrophones. The hydrophones allows them to act as a distributed underwater acoustic array for localizing sounds and receiving wireless commands.

The unique power of the networked drifter swarm is twofold. First, it is able to monitor oceanographic phenomena
within their inherently mobile frame of reference, the coastal
circulation. Carried by tides and currents, the biological and
physical ocean processes operate in a highly dynamic environment. Our drifter ensemble is therefore able to capture
Lagrangian behavior (i.e., following the moving frame of
reference). This is vital for enhancing understanding of many
oceanographic phenomen [14]. Second, our system enables
this sampling at spatio-temporal densities that have to date
been far beyond practical reach, as our drifters sample continuously and are spaced only a few hundred meters apart [15].
This 4D sampling density is possible due to the fact that the
drifters come a fraction of the cost of existing technologies,
such as gliders and propelled underwater vehicles. Such dense
Lagrangian sampling promises to deliver a wealth of new data,
ranging from applications in physical oceanography (mapping
3D currents), biology (observing the dispersion of larvae and
nutrients), environmental science (tracking coastal pollutants
and effluents from storm drains), and security (monitoring
harbors and ports). We envision swarms of tens to hundreds
of drifters as the technology matures.

Sonar imaging systems are becoming significantly more
advanced providing the equivalent of low quality video. Thus,
we believe that these systems are ripe for computer vision
oriented detection algorithms, e.g., using Haar, HOG, and
SURF features, to detect objects of interest.
2) Underwater Wireless Communication: One of the key
reasons for the success of terrestrial sensor networks is the
availability of low cost radio platforms. We think that an
aquatic counterpart to these radios is needed to truly enable
sophisticated underwater ecological analyses.
Much of the currently available acoustic modem technology
is based on frequency shift keying (FSK) and frequencyhopping FSK (FH-FSK). This is likely due to the fact that
FSK is a relatively simple protocol that provides decent
performance. However, FSK-based modems are sensitive to
Doppler shifts and typically have data rates on the order
of 1000 bits/second at relatively short ranges. Higher data
rate/longer-range acoustic communication has been achieved
using phase-shift keying (PSK), spread-spectrum, and more
recently orthogonal frequency division multiplexing (OFDM).
These more advanced modulation techniques increase the data
rates to over 10,000 bits/second.

D. Acoustic Sensor Platforms

Most of these modems, however, are prohibitively expensive, costing thousands to tens of thousands of dollars. In many
application scenarios, including the two that we highlight in
this work, cost plays a significant role in the ability to use
wireless underwater networking.

Acoustic monitoring has a long history and wide use in
ocean studies for imaging and communication. Sonar imagers
are used on boats and underwater vehicles to map bathymetry
and to detect fishes and other animals and objects. These sonar
devices range from fish finders and side scan sonars to more
sophisticated imaging and 3D sonars that use multiple beams
and frequencies. Acoustic signals are also the primary mode
for wireless underwater communication. These devices can
transmit over tens of kilometers at over 10,000 bits/second.
We discuss sonar imaging and acoustic communication in the
following sections.
1) Sonar Imaging: The detection and classification of underwater objects using acoustics is difficult but promising

The key to a low cost modem is the use of an inexpensive
transducer. The transducers used on many commercial and
research acoustic modems cost thousands of dollars alone.
To prove that low cost modems are feasible, we designed a
modem around a $50 homemade omni-directional transducer
made from an inexpensive piezoelectric ceramic ring, potting
compound, and shielded cable. Of course, this is not an ideal
transducer, lacking the quality control, bandwidth, superior
acoustic coupling and beam pattern to its commercial counterparts. However, we have shown that a modem, carefully
designed around this transducer, can meet our design goals,
which sacrifice data rate and range in order to significantly
reduce the cost [3], [4].

IV. R ESEARCH D IRECTIONS
Now that we have described both the applications and
sensor platforms, we discuss how to use the platforms in a
multimodal, cyber-physical manner to enhance the acquisition
of data, and ultimately better understand these and other
underwater ecosystems.
A. Whale Shark Monitoring
Studies of whale sharks is generally labor intensive. They
involve human observers in boats or manned aircrafts. Before a mission, a careful plan is designed, often composed
of preset experiments that the observation platform follows,
designed to yield the most statistically relevant data. For
example, a mobile aerial vehicle flies a series of transects
to uniformly cover a predetermined area. After the survey is
completed, the resulting data are analyzed through statistical
techniques to determine the distribution of detected sharks
and perhaps estimate abundance. The challenge here is that
the observations provide limited coverage of cryptic animals
that spend very little time near the sea-surface where they
might be detected. Documenting local abundance would be
more effective by using sonar from survey boats to locate the
geographic and vertical dispersion of sharks. These data could
also be used to direct particular efforts by swimmers, divers,
ROVs, AUVs or drifters to approach, tag, photograph, or just
observe sharks. This approach is adaptive and fully exploits
the interaction between cyber and physical modes in a tight
control loop. We observe, generate initial estimates, and direct
our sensing resources in a continuing feedback system. Within
this feedback, the algorithms and strategies, as well as the
physical models of animal and ocean behavior operate on each
other.
Observation and classification should yield not only best
estimate outcomes, but also provide feedback on how to
improve the observation strategy itself. So, in our example, a
far more capable system would take observations, extract the
useful information in real-time (the presence of whale sharks,
their positions and identification of specific individuals) and
then use this to actively guide the deployed assets. Creating
this novel closed-loop strategy presents a set of technological
challenges in the area of cyber-physical systems, robotics, and
sensor fusion.
First, the observation platforms need to be highly interactive, such that they are able to handle real-time control. For
example, we would use a balloon equipped with our stabilized
aerial camera platform, a multirotor UAV, a beamforming
arrays of acoustic sensor from the boat or a set of mini-AUEs.
The observation strategies must be redesigned to provide the
adaptivity required for specific observation goals, while taking
into account the constraints from the vehicles as well as the
physical environment. For example, instead of traditional backand-forth paths used in open-loop observations, we need to
create solutions that find the best paths to follow given the
feedback provided by our classification, as well as the physical
limitation of our vehicles in combination with the underwater
and aerial environments in which they operate.

Second, the classification algorithms need not only be able
to provide best estimates, but also generate feedback on
what inputs would be desired to improve such estimates.
For example, in addition to finding the best estimates of
positions of whale sharks and classification of individuals,
the algorithms need to generate information on the accuracy
of such estimates and provide indicators on how to improve
such estimates, e.g., where we would need the copter to fly in
order to get as much reduction in our estimation uncertainty as
possible. These must incorporate both sensor readings about
the physical environment (e.g., wind speeds, currents), as well
as a priori knowledge of the physical environment, such as
prevailing tides or statistics on animal behavior.
1) Plankton Transport, Accumulation and Dispersion:
Studies of both oceanic and atmospheric currents via Lagrangian motions have been widely documented and used
for modeling and research purposes [8], [22]. Historically,
these methods have relied on passive motion of buoyant
vehicles, but more recently drifters with controllable buoyancy
have been used to perform Lagrangian and mass-transport
studies on global scales (such as Argo). The ability to actively
change buoyancy (and, thus, vertical position) of a small
robotic system opens the door to interesting new experimental
paradigms by making data available on ocean phenomena in
their own moving frame of reference, at relatively high spatiotemporal scales.
A drifter swarm equipped with inexpensive fluorometers
provides a highly spatially and temporally resolved system
for monitoring plankton such as harmful algal blooms. It
can generate 4D maps of their locations and their physical
environment (water velocities, temperature, irradiance, etc.),
for the price of one mooring generating time series of data
from a single location. The drifter swarm must operate as an
intelligent distributed collective. This is possible by networking the drifters together, which, for dense coastal settings, has
to rely on underwater communications.
To harvest the power of a swarm of drifters, a number of
capabilities need to be supported by the system. The drifter
swarm should utilize underactuated control algorithms for the
swarm to self-organize in advantageous configurations (e.g.,
to maximize the information related to the sensor field of
the algal bloom), while only leveraging buoyancy control.
This requires communication between the drifters, and in
turn networking protocols optimized for the specifics of the
underwater acoustic channel. Furthermore, the drifters require
continuous location estimates. These should work in a distributed fashion and combine local information, sensor data
and correlations from current-induced motion behavior.
V. C ONCLUSION
We described two monitoring applications – whale shark
identification and classification and modeling plankton transport, accumulation and dispersion. In each case, we describe
the current state of the art and discuss opportunities for future
improvements. These center around the use of advanced sensor
platforms working in a cyber-physical fashion.
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