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Background

During the last decade, oceanography has witnessed a 

revolution in observing capabilities as autonomous plat-

forms, and the sensors they carry, have developed and 

rapidly matured. Numerous deployments of autonomous 

and Lagrangian platforms and sensors (ALPS) have dem-

onstrated the power and potential of these integrated 

sensing systems to study ocean physics, biology, chemis-

try, and geology. Th e unique capability of ALPS to make 

sustained ocean observations and to execute experiments 

that test sp ecifi c hypotheses has been noted in all of the 

National Science Foundation (NSF)-sponsored disciplin-

ary and interdisciplinary reports on the future of ocean-

ography.

What are ALPS?

Th e ALPS platforms are charact erized as “autonomous” 

because they operate without tethers to ships or the sea-

fl oor. Th ese platforms include Lagrangian surface drift ers, 

neutrally buoyant and profi ling fl oats, highly controllable 

self-propelled autonomous underwater vehicles (AUVs), 

and underwater gliders. Th e sensors integrated into ALPS 

are, of necessity, small, robust, and able to sample at high 

frequency. Th e present suite of sensors measures a diver-

sity of variables, including temperature, salinity, particle 

concentration, current velocity, oxygen, and images of 

seafl oor topography; new sensors continue to expand 

ALPS’ measurement capabilities. Th e data collected by 

ALPS are typically transmitt ed by wireless communica-

tion to the laboratory. Many platforms have two-way 

communication systems that allow them to receive in-

structions to change sampling protocol or location during 

the mission, making them even more fl exible sampling 

platforms.

Why are ALPS needed?

Th e fundamental observational problem in oceanography 

is that of sampling a global, turbulent fl uid with physical, 

biological, and chemical processes that are act ive over a 

wide range of scales. ALPS provide a unique solution to 

this sampling problem in that they are scalable to the pro-

cess of interest, and easily portable to relevant, possibly 

remote, locations. ALPS can support scientifi c questions 

related to climate change that require long-term observa-

tions on a global scale, as well as questions that require 

short-term observations in a local area, such as the evo-

lution of harmful algal blooms. Adaptable networks of 

ALPS effi  ciently provide the essential spatial and tem-

poral coverage to complement data collected with ships, 

fi xed observatories, and satellites.

Th e ALPS Workshop

Because of the rapidly evolving nature of ALPS, no orga-

nized plan existed that laid out a blueprint for enabling 

these opportunities or the mechanisms for providing 

broad community access. In spring 2003, the ALPS work-

shop brought together 50 participants representing a 

wide diversity of ocean scientists and engineers to initiate 

a plan. Issues addressed at the ALPS workshop included 

current capabilities of ALPS; scientifi c questions that 

could be uniquely addressed by ALPS alone and in con-

junction with other sampling modes such as ships, cabled 

observatories, and satellites; technological developments 

needed to develop even more-capable sensors and plat-

forms; mechanisms for enabling broader community ac-

cess; and needs for training and education. Th e complete 

set of white papers and presentations can be found on the 

ALPS web site (www.geo-prose.com/ALPS).

EXECUTIVESUMMARY
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Recommendations

1. Although individual ALPS are relatively inexpensive, 

with limited lifetimes, ALPS networks and technical 

support must be regarded as permanent infrastructure 

and funded as such.

2. A group of technology innovators and scientifi c users 

should be formed to develop an implementation plan 

and to ensure broad community participation (some 

examples of implementation approaches are given in 

the section on Enabling Activities).

3. Sustained development of platforms and sensors 

should continue—within the context of meaningful 

scientifi c goals—to create even more-capable plat-

forms and sensors (sp ecifi c recommendations are given 

in the section on Future Platforms and Sensors).

4. Existing platforms and sensors should be combined, 

with relatively litt le additional engineering, to create 

new observational systems targeted at important sci-

entifi c questions (examples of sp ecifi c questions are 

given in the section on Science Issues). 

5. A mechanism for supporting pilot projects should be 

est ablished to foster the use of ALPS technologies to 

address important interdisciplinary problems.

6. Workshops, short courses, training programs, and fel-

lowships are needed to address the critical shortage of 

trained engineers and scientists who are needed to de-

velop and support ALPS infrastructure.

Th e ALPS workshop and the following report are the fi rst 

steps toward enabling all oceanographers to share in the 

major technological advances that ALPS has made pos-

sible and to participate in the coordinated development 

of ALPS science and technology.
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Oceanography is a fundamentally observational science. 

Almost all newly discovered phenomena have been ob-

served before they were predicted. As Henry Stommel 

(1989) wrote, “Th e chief source of ideas in oceanography 

comes, I think, from new observations.” Every time we 

look at the ocean in a new way, we learn something new 

about how it works.

Th e last decade has witnessed a revolution in autono-

mous, ocean-observing capabilities as new platforms and 

sensors have developed, and rapidly matured. Th e new 

generation of oceanographic platforms has been char-

act erized as “autonomous” because the platforms oper-

ate—tracking water masses, recording oceanographic 

properties, and transmitt ing data home via satellite te-

lemetry—without a tether to either the seafl oor or a ship. 

Autonomous platforms are diverse in their mechanisms 

and rates of motion; mission payloads, ranges, and dura-

tions; and capabilities to change sampling parameters 

during a mission either by receiving commands from 

home or by using on-board, decision-making tools. Th e 

platforms encompass Lagrangian surface drift ers, neu-

INTRODUCTION 
trally buoyant and profi ling fl oats, highly controllable 

self-propelled AUVs, and underwater gliders that adjust 

their buoyancy to glide forward through the ocean in a 

saw-tooth patt ern. Each platform genre has its own opti-

mum sampling domain, capability to incorporate sensors, 

and unique potential to contribute to sustained observa-

tion of the ocean.

Parallel to the evolution of autonomous platforms has 

been the revolution in new sensing systems for biologi-

cal, chemical, and optical properties. Th e new sensors are 

small but robust, stingy power consumers that sample 

fast enough to resolve biogeochemical parameters on 

the same space and time scales as physical properties. 

Wireless communication allows all of these data to arrive 

at oceanographers’ desktops, and be posted on the Web, 

within hours of collection. Th e combination of autono-

mous and Lagrangian platforms and sensors (ALPS) has 

ushered in a new era of sampling that is truly interdisci-

plinary in charact er and shows great promise for contrib-

uting to major advances in our understanding of ocean 

processes.

Th e terms Lagrangian and Eulerian describe diff erent frames of reference for sp ecifying or observing fl uid 

properties. An Eulerian sp ecifi cation of a fl uid property is a function of space and time. Th e Eulerian frame 

of reference is probably most familiar to people; we stand on the shore and watch the river fl ow by us. A 

Lagrangian sp ecifi cation is a function of an identifi able piece of fl uid and time. Th e Lagrangian frame of refer-

ence moves with the fl uid; we sit in an inner tube and fl oat down the river.

Moorings are the most common Eulerian platforms in oceanography. Floats and drift ers are the classic 

Lagrangian platforms. But no platforms are perfectly Eulerian or Lagrangian. Instruments on mooring lines 

are not perfectly fi xed. Floats and drift ers do not exactly follow fl uid parcels. Gliders and AUVs are neither 

strictly Eulerian nor Lagrangian, as they move independently of the fl ow. Th eir data are usually interpreted in 

an Eulerian sense in that the measurements are at a sequence of locations and times.
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Th e overarching observational problem in oceanography 

is that of sampling. Th e ocean is a global turbulent fl uid, 

with a range of spatial scales from the size of ocean basins 

down to microscales at which turbulent dissipation oc-

curs. Th e longest temporal scales that can be dealt with 

using direct observations are decadal, while the shortest 

of interest are no longer than seconds. Th e observational 

problem would be diffi  cult enough if the ocean were lin-

ear, so that measurements at a single scale would be suf-

fi cient to understand that scale. However, the ocean is 

nonlinear, so that the evolution at any one scale is formal-

ly dependent on all other scales. Th e sampling problem 

has held the att ention of oceanographers for decades. Th e 

explosion of new platforms and sensors will off er limitless 

new approaches to sampling design.

If sampling is the problem, the solution is to get ob-

servations on the appropriate time and space scales. 

Observations of the general circulation must be made on 

a global scale. Studies of mesoscale biophysical interac-

tions must be done on the scales of eddies. In essence, we 

need observational systems that are “scalable” to the pro-

cesses of interest (Perry and Rudnick, 2003).

Many phenomena in the ocean, such as storms and algal 

blooms, are intermitt ent in time and localized in space. 

Further, many processes are regional in nature, and the 

mix of relevant processes vary from place to place. For 

example, upwelling, river outfl ows, and mesoscale ed-

dies are important components of coastal circulation, 

but their relative importance is diff erent off  the coast of 

Oregon than off  the coast of New Jersey. Th us we need 

observational systems that are “portable” to the relevant 

locations and matched to the important processes.

ALPS are uniquely scalable and portable, making them 

perfectly suited to the major sampling problems facing 

oceanographers. Th e scalability and portability of ALPS 

are featured in the discussion of important science ques-

tions to follow. ALPS are being used to study general 

circulation and turbulent biophysical interact ions. ALPS 

have been deployed in the path of hurricanes, and in algal 

blooms. Th e growth of ALPS is inevitable, with applica-

tions for observations and hypothesis-testing that we can 

anticipate now, and others we cannot yet imagine.

ALPS are notable for their inclusion in every organized 

vision of the future of oceanography. Th e most com-

prehensive evaluation of the current and future state 

of oceanography was presented in the NSF-sponsored 

disciplinary reports: The Future of Physical Oceanography 
(Royer and Young, 1999), Th e Future of Ocean Chemistry 
in the U.S. (Mayer and Druff el, 1999), and Ocean Ecology: 
Understanding and Vision for Research (Jumars and Hays, 

1999). Th is series of reports culminated with the publi-

cation of Ocean Sciences at the New Mill ennium (Brewer 

and Moore, 2001), which made clear the interdisciplin-

ary nature of almost every important problem. To quote 

from the latt er publication: “Th e profound impact of new 

technologies for executing novel experiments and for 

capturing new data from the ocean is a theme that runs 

throughout this report. Th eir success justifi es a vigorous 

eff ort in technology development, implementation and 

support in all areas of ocean science.” One of the report’s 

recommendations was to deploy a variety of observation-

al systems including ALPS. Similar passages can be found 

in any of the disciplinary reports, indicating remarkable 

agreement across oceanography about the importance of 

ALPS.

Autonomous sampling has a prominent role in ocean 

observing plans for the open and coastal ocean. At the 

CoOP Observatory Science Workshop (Janke et al, 

2002), ALPS were seen as an essential part of any ob-

serving system, esp ecially for such processes as blooms 

that have relatively small time and space scales. At an 

Ocean.US workshop held in March 2002 (Ocean.US, 

2002), to develop a national plan for a sustained ocean 

observing system, gliders were highlighted as a mecha-

nism for providing routine observations of the coastal 

ocean and as a basis for interpolating the data collected at 

permanent mooring sites. Th e community has recognized 

the need for ALPS in any ocean observing system.
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Th e ALPS Workshop

Because ALPS technologies are rapidly evolving, no plan 

existed for coordinated development and broad com-

munity access to these new systems. During March 31 

- April 2, 2003, the ALPS Workshop brought 50 partici-

pants (Appendix 1) together in La Jolla, California, under 

NSF and ONR (Offi  ce of Naval Research) sponsorship, to 

develop a national plan describing the scientifi c questions 

that could be uniquely addressed by ALPS alone and in 

conjunction with other sampling modes such as ships and 

cabled observatories; technological developments needed 

to develop even more capable sensors and platforms; 

mechanisms for enabling broader community access; and 

needs for training and education.

Th e fi rst day of the ALPS workshop was devoted to a se-

ries of overview talks on platforms and sensors. Th e talks 

were as follows:

• Surface Drift ers – Peter Niiler

• Floats – Russ Davis

• Autonomous Underwater Vehicles – Chris Von Alt

• Gliders – Charlie Eriksen

• Optical Sensors – Mary Jane Perry

• Acoustic Sensors – Tim Stanton

• Chemical Sensors – Ken Johnson

• Molecular Sensors – Chris Scholin

• Microsystems Technology – Rosemary Smith

Th e discussion that follows on Platforms and Sensors sum-

marizes some of the material in the talks. Complete white 

papers and presentations can be found on the ALPS web 

site (www.geo-prose.com/ALPS).

On the second day, workshop participants were divided 

into four parallel working groups, each consisting of phys-

ical, biological, and chemical oceanographers, and plat-

form and sensor sp ecialists. Th e four working groups had 

three sessions to:

1. Identify major science questions best addressed by 

ALPS, alone and in conjunction with other observa-

tional systems.

2. Identify needs for more capable platforms and sensors.

3. Propose models to advance technology and to enable 

the community’s broader access to ALPS.

Th e parallel working groups permitt ed a diversity of ideas 

to be discussed, and made clear the areas of broad agree-

ment.

Th e fi nal day of the workshop allowed for a summary of 

results, and initial organization of this report. Th e report, 

a group eff ort of the workshop participants, tells of the 

successes of ALPS to date, and the possibilities for the 

future. ALPS must be a major component of the nation’s 

ocean-observing strategy. Th e ALPS workshop and re-

port is only the fi rst step in making this happen. 
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Platform Mode of Operation
Typical 

Deployment 
Duration

Spatial Scales Sensor Payload

Surface Drift er
Floats on surface, 

sometimes drogued 
at depth

Weeks to years Regional to global
Moderate, power-

limited

Float
Neutrally buoyant, 
sometimes profi ling

Weeks to years Regional to global
Moderate, power-

limited

Glider
Profi les, controls 

horizontal position 
by gliding

Weeks to months Regional
Light, power and 

size-limited

Autonomous 
Underwater 

Vehicle (AUV)

Powered horizon-
tally through water, 

e.g., by propeller
Hours to days Local Heavy

Platforms
An impressive diversity of autonomous ocean sensor 

platforms exists (Table 1). Lagrangian drift ers, per-

haps the oldest technique of ocean measurement, fl oat 

at the surface, although they may be drogued to follow 

water at shallow depths. Neutrally buoyant fl oats fol-

low subsurface currents by being ballasted for a prede-

termined depth, or by act ively adjusting buoyancy. To 

move horizontally through the water, underwater glid-

ers profi le vertically by adjusting buoyancy and steering. 

Autonomous underwater vehicles (AUVs) are highly 

controllable platforms that power themselves through the 

water. Th e ability of these platforms to operate indepen-

dent of ships or land and for long durations promises a 

new age of ocean discovery.

Surface Drifters

Lagrangian techniques probably comprised the fi rst ob-

servations of ocean fl ow, with scientifi c publication as 

far back as Benjamin Franklin’s (1785) work using buoys 

and drogues. Systematic observations of drift  contin-

ued with the Chall enger Expedition in 1872 where iron 

“watch buoys” were tethered with cod line to sea anchors 

at various depths at most of the 354 stations occupied 

around the globe (Th ompson, 1877). Over 150 years lat-

er, Langmuir (1938) used a variety of Lagrangian devices 

(leaves, corks, and surface fl oats with light bulbs for fl ota-

tion and umbrellas for drogues) in the fi rst description of 

the circulation cells bearing his name. With the advent 

of satellite communication in the early 1970s came a 

Table 1.

EVOLUTION OF 
PLATFORMS AND SENSORS
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rapid increase of the use of drift ers for transmitt ing data 

from in situ sensors via satellite. Many diff erent fl oats 

(spars, boats, pill boxes, cylinders, garbage cans, inverted 

cones) were att ached with various tethers (ropes, chains, 

wires, electrical cables, Kevlar®, bungee cord) to various 

drogues (parachutes, weather socks, window shades, but-

terfl ies, corner radar refl ectors, holey socks, cruciforms). 

Systematic evaluations of the diff erent designs, done in 

the 1980s, concluded that the key to accurate water-fol-

lowing was to increase the ratio of drogue to fl oat size.

In the open ocean, the Surface Velocity Programme 

(SVP) drift er has a spherical plastic fl oat, a wire tether, a 

holey sock drogue, and batt ery power suffi  cient for two 

years of operation (Figure 1). Th e SVP drift er can carry 

sensors that measure temperature and salinity, wind di-

rection, ambient sound (for calculating wind sp eed and 

rain rate), upwelling light, and atmospheric pressure. 

ARGOS satellite receptions vary from 6 to 14 per day, 

depending on latitude and storm conditions. About 7500 

SVP drift ers have been deployed since 1988.

A drift er originally developed for the Coastal Ocean 

Dynamics Experiment in the 1980s has seen largest use in 

coastal and marginal sea deployments. It can be deployed 

from a small plane, helicopter, or boat. Location is by GPS 

or ARGOS. Data transmission is to ARGOS or a local 

paging system on land. Two types are manufactured, one 

with a spherical fl oat and a radar corner refl ector drogue, 

the other with a cruciform drogue with four small fl oats 

(Figure 2). Temperature and salinity sensors have been 

placed on these drift ers. A power recharging option is 

available, making them re-deployable aft er recovery. 

About 2500 drift ers of this type have been deployed in 

the past 10 years.

Neutrally Buoyant Floats

Th e initial impetus for neutrally buoyant fl oats was mea-

suring subsurface currents, particularly the deep interior 

fl ows once believed to be too slow to be measured by me-

chanical current meters (Stommel, 1955). John Swallow 

(1955) devised the fi rst successful fl oats by chemically 

Figure 2. Coastal Ocean Dynamics Experiment (CODE) 

drifters follow the top meter of the surface ocean, 

where they respond to the instantaneous wind forcing. 

Th e small ball fl oats help keep the drifter upright and 

the currents push the “X” shape through the water. 

Th e GPS receiver and satellite transmitter antennas 

are sticking up from the top of the drifter. From http:

//www.ims.uaf.edu/NPRBdrifters/planview/code.html, 

courtesy of Technocean, Inc. 

Figure 1. Preparing to deploy a Surface Velocity Programme (SVP) 

drifter in the Bering Sea . One of the goals of this drifter program was to 

demonstrate that drifters could be economically deployed by lay persons, 

in this case by villagers in a remote Alaskan community. SVP drifters 

move with the current at 10 m depth. From http://www.ims.uaf.edu:

8000/NPRBdrifters. Photo by Larson King.
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etching aluminum tubing, intended for scaff olding, to 

produce a pressure case that was light enough to be neu-

trally buoyant yet strong enough to withstand deep ocean 

pressures. Swallow fl oats, which produced the fi rst obser-

vations of energetic mesoscale fl ows, provide an excellent 

example of observations that resulted in a fundamental 

change in our understanding of the ocean. Tracking of 

subsurface fl oats improved through use of the ocean’s 

sound channel, and SOFAR fl oats became the standard 

during the 1970s. Development of the RAFOS (SOFAR 

backwards) fl oat by Rossby et al. (1986) made basin-scale 

acoustic tracking tremendously more pract ical by replac-

ing giant SOFAR fl oats with small, neutrally buoyant 

fl oats that functioned as listening stations (Figure 3, top). 

Autonomous profi ling fl oats, which periodically sur-

face for satellite locating and data relay, were developed 

(Davis et al., 1992) to make possible global fl oat coverage 

without the need for an acoustic tracking network.

An impressive array of fl oats are in use today, carrying a 

wide range of sensors that measure physical, biological, 

and chemical variables (Figure 3, bott om). Fundamental 

to all fl oats is the measurement of velocity by tracking the 

fl oat’s position over time. Th e tracking method interest-

ingly aff ects the charact er of the velocity measurements. 

For example, acoustically tracked fl oats remain at depth, 

so their trajectories may be fi nely resolved and very near-

ly Lagrangian. Profi ling fl oats must surface to be tracked, 

interrupting current following, so that velocity records 

are properly viewed as a series of displacements rather 

than a Lagrangian trajectory. However, profi ling fl oats 

off er the opportunity to measure properties in the water 

column during ascents and descents. In addition to the 

physical variables of temperature, salinity, and pressure, 

measured variables have included such optical quantities 

as downwelling light, fl uorescence, and beam att enuation. 

Because fl oats provide a very stable platform, observa-

tions of turbulent microstructure have been successful. 

Floats are excellent platforms for observing vertical veloc-

ity, which is notoriously diffi  cult to measure in the ocean, 

either by att aching a large drogue to promote water-fol-

lowing, or by att aching propeller blades to measure rela-

tive vertical water motion.

Figure 3. Top: Steve Riser holds a RAFOS fl oat that was tracked for two 

years in the Kuroshio current and recovered in Hawaii after drifting for 

seven years. Bottom: A truly Lagrangian fl oat that uses a combination of 

active buoyancy and drag to follow vertical velocity. It is used to observe 

vertical mixed layer velocities in convection currents and hurricanes . 

Bottom fi gure courtesy of Eric D’Asaro, University of Washington.
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Underwater Gliders

Th e concept of a fl eet of unmanned underwater gliders 

patrolling the world’s oceans was put forward by Henry 

Stommel in 1989. Stommel’s vision is becoming a real-

ity today as gliders are being developed into formidable 

oceanographic tools. Gliders build on the concept of pro-

fi ling fl oats by adding wings for horizontal propulsion 

and the ability to steer (e.g., Figure 4). As with all au-

tonomous profi lers, gliders move vertically by controlling 

buoyancy. Th e addition of wings allows horizontal move-

ment in a similar manner to gliders in the air. Steering is 

accomplished with rudders, or by internally adjusting the 

glider’s center of mass, much as a hang glider.

Ocean-going gliders are entirely autonomous, yet their 

operation can be controlled via two-way telemetry. Given 

a set of mission parameters, gliders follow them until 

they are changed, reporting data as oft en as they surface. 

Following a sequence of waypoints produces a section 

survey. Homing on a single target while close to it results 

in a ‘virtual mooring’ mode of sampling, where a glider 

may maintain geographic position as well as instruments 

on a mooring line. Gliders can operate in either survey or 

mooring mode during the same mission through remote 

control.

Gliders are a technology still in development, with fully 

operational use in its infancy. But there have been signifi -

cant successes to date. Th e fi rst ten-day missions were 

completed in 1999. A fl eet of three gliders completed a 

sequence of sections in Monterey Bay in 2000. In 2001, a 

glider made a nearly 300 km section off  of San Diego. A 

glider successfully completed over 1000 km of repeated 

sections off  the Washington coast in 2002 (see case study 

on p. 31). During the summer of 2003, fl eets composed of 

15 gliders operated for over a month in Monterey Bay in 

the most comprehensive demonstration of glider capabili-

ties thus far.

Sensors deployed on gliders must be low power and small 

to minimize eff ects on glider hydrodynamic drag. Within 

these constraints, an impressive range of sensors have 

been deployed. Standard on gliders are sensors to mea-

sure temperature, salinity, and pressure. A depth-average 

velocity can be estimated using dead reckoning between 

profi les. Acoustic velocity sensors can be mounted on 

gliders, an advance currently under development. Th e 

optical quantities of fl uorescence and backscatt er have 

been measured from gliders. Oxygen sensors have been 

successfully deployed on gliders. Th e coming years will 

see increasing operational use of gliders, and a prolifera-

tion of att ached sensors.

Autonomous Underwater Vehicles

An autonomous underwater vehicle (AUV) is driven 

through the water by a propulsion system and maneuver-

able in three dimensions (Figure 5). Th e origin of AUVs 

should probably be linked to the Whitehead Automobile 

“Fish” Torpedo. Robert Whitehead is credited with de-

signing, building, and demonstrating the fi rst Torpedo 

in Austria in 1866, achieving a sp eed of over 3 m/s over 

a distance of 700 m. Th e need to obtain oceanographic 

data along precise trajectories and under ice motivated 

Stan Murphy, Bob Francis, and later Terry Ewart to begin 

Figure 4. Two Webb Slocum gliders fl ying off  the west coast of 

Florida during a red tide in January 2003. Th e research associated 

with these gliders (NSF-supported program called Operation 

Gulfcast) grew out of the EcoHab and ONR HyCODE programs. 

In the coming years, the hope is that gliders will become a routine 

monitoring tool for red tides in the Gulf of Mexico. See case study 

on p. 33 for more information. Photo courtesy of Oscar Schofi eld, 

Rutgers University.
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development of what may have been fi rst “true” AUV in 

the late 1950s. Th e Self Propelled Underwater Research 

Vehicle, SPURV, became operational in the early 1960s 

and supported research eff orts through the mid 1970s. 

SPURV could operate at 2.2 m/s for 5.5 hours at depths 

to 3 km. In the intervening decades, a number of diff erent 

AUVs have been developed and operated successfully in 

a wide range of applications from coastal to deep ocean 

(Griffi  ths, 2002).

Because AUVs are powered, they are the most controlla-

ble of autonomous platforms. AUVs may be programmed 

to swim at a constant pressure or altitude, or to vary their 

depth and/or heading as they move through the water to 

complete undulating survey patt erns covering both verti-

cal and horizontal swaths. AUVs provide a highly produc-

tive means of performing seafl oor surveys using acoustic 

or optical imaging systems. Sensor power is generally 

abundant on an AUV because of a relatively short de-

ployment time on the order of hours or days. All manner 

of physical, optical, acoustical, and chemical sensors have 

been used on AUVs. With a typical vehicle sp eed of near 

1.5 m/s, AUVs are esp ecially eff ective for rapid surveys in 

evolving coastal regimes. For example, AUVs may be par-

ticularly useful for following plumes of a contaminant or 

an algal bloom near the shore.

Sensors
Th e natural evolution of most oceanographic sensors has 

been reduction in size without reduction in capability. 

Because most autonomous platforms described above 

have restricted space and limited batt ery capacity avail-

able for allocation to sensors, “small” is mandatory. A 

number of sensors that measure biological, chemical, op-

tical, and physical properties of the water column, as well 

as gather information about the seafl oor, have met these 

stringent space and power criteria and are now integrated 

into the full array of autonomous platforms. Temperature 

and salinity sensors were among the fi rst sensors to be 

incorporated, followed by optical and acoustic sensors. 

Chemical sensing is on the brink of major advances in 

technology that will enable more routine incorporation 

into all platforms. Th e new integrated sensing systems, 

comprising sensors and platforms, are revolutionizing the 

way we study the ocean.

Optical Sensors

Th e history of optical observations and measurements 

of ocean color dates back at least as far as Aristotle, who 

sp eculated on the underlying reasons for the regional dif-

ferences in ocean color he observed by eye. Today, the 

most common oceanographic applications of optics, aside 

from laser communications systems, are radiometric 

measurements in the visible wavebands and individual 

particle imaging. Th e small size and modest power con-

sumption of radiometric sensors make them compatible 

with most autonomous and Lagrangian platforms, in 

contrast to the bulkier imaging systems that are presently 

incompatible with all but the largest AUVs. Flow cytom-

eters that measure light scatt er and pigment fl uorescence 

of individual particles have been deployed on larger plat-

forms (Autosub, p. 45) to quantify numbers and size dis-

tributions of phytoplankton and other particles. 

Radiometric sensors include both passive and act ive sys-

tems; the nomenclature is based on whether the light 

source is independent of the sensor (i.e., the sun serves 

Figure 5. REMUS AUVs confi gured with forward-looking, high-resolu-

tion sonar, a sidescan sonar, acoustic communication, and various other 

environmental sensors. AUVS such as these have proven especially useful 

in coastal surveys of bathymetry, currents, and water properties. Photo 

courtesy of Chris von Alt, Woods Hole Oceanographic Institution.
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Figure 6. Chlorophyll fl uorescence, a proxy for phytoplankton biomass, was measured 

off  the Washington coast by a Seaglider instrumented with a bb2f fl uorometer/scatter 

sensor (quarter for scale). In April 2002, Seaglider was launched at the mouth of the 

Straits of Juan de Fuca and recovered in deep waters off  shore. Chlorophyll fl uo-

rescence is plotted as a function of time of day, rather than distance from shore, to 

resolve midday solar quenching of chlorophyll fl uorescence near the surface. Active 

optical sensing allows phytoplankton biomass 

to be measured at night and below the euphotic 

zone. Autonomous platforms provide informa-

tion on the vertical distribution of phytoplankton 

biomass—information that is missing from ocean 

color satellite remote sensing. By combining glider 

and satellite data, a more accurate assessment of 

total water column phytoplankton biomass and 

rates of carbon fi xation can be determined. Data 

courtesy of Mary Jane Perry, University of Maine, 

and Charlie Eriksen, University of Washington.

as the light source for most passive sensors) or is an inte-

gral component of the system (i.e., a LED or lamp for an 

act ive sensor). Passive sensors measure apparent optical 

properties such as upwelling and downwelling radiance, 

diff use att enuation coeffi  cient, solar-stimulated fl uo-

rescence, and bioluminescence. Active sensors measure 

inherent optical properties (absorption, scatt ering, and 

att enuation coeffi  cients) and fl uorescence. Because pas-

sive sensors depend on sunlight as the light source, they 

consume less power than the act ive sensors but cannot 

operate at night or below the photic zone. In contrast, 

act ive sensors can operate at night and below the photic 

zone (Figure 6), making it possible to detect phenomena 

such as diel changes in particle concentration, sinking 

phytoplankton aggregations, and detached nepheloid lay-

ers. Active sensors also can measure optical properties 

at wavelengths that have reduced penetration below the 

oceans surface, such as UV and infrared wavelengths. Th e 

higher power consumption associated with the operation 

of an internal light is a drawback of act ive sensors, par-

ticularly for extended deployments. Although biofouling 

remains a major problem for all optical sensors, experi-

ence from long-term moorings of optical sensors suggests 

that copper tubing and shutt ers can reduce biofouling. 

For deep-cycling gliders and profi ling fl oats, the reduc-

tion of time sp ent at the surface may be the most eff ective 

strategy to retard biofouling.

Optical properties serve as proxies for important bio-

geochemical variables in the ocean, primarily dissolved 

organic materials and marine particles including phy-

toplankton, biogenic calcium carbonate, and susp ended 

sediments. Radiometric optical sensing is maturing 

rapidly and a number of optical sensors have already 

been incorporated into every type of autonomous and 

Lagrangian platform, enabling measurement of biogeo-

chemical entities on the same space and time scale as 

physical measurements. Radiometric optical sensors off er 

the potential for resolving responses of the carbon cycle 

to climatic changes in mixed layer processes, for provid-

ing a vertical dimension to surface phytoplankton and 

other particle fi elds derived from satellite ocean color 

imagery, and for detecting harmful algal blooms.

Physical Sensors 

Temperature probes have served well as the workhorses 

of physical oceanography. Th eir small size enables them 

to be integrated into the smallest platforms. In recent 

years salinity probes have been reduced in size, although 

pumping water through the sensor is oft en necessary 

to att ain higher accuracies. Th e microstructure sensors 

in current use are fast-responding thermistors (Gregg, 

1977) and airfoil shear probes (Osborn, 1974). Both types 

have been implemented successfully in propeller-driven 
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Quantitative interpretation of acoustic signals is oft en 

a challenge, requiring the use of multiple frequencies to 

reduce ambiguity. In addition to the strength of the back-

scatt ered signal, its Doppler shift  is used to measure the 

velocity and direction of currents.

Th e most common sensors are piezoelectric ceramics 

that are used singly to form an acoustic beam or in arrays, 

such as in multibeam systems. Ceramics have effi  ciencies 

of bett er than 50%, but the drawback is their weight, par-

ticularly at the lower frequencies and the narrow range 

of frequencies. Other technologies have been developed, 

such as broadband piezoelectric fi lms, although many of 

these technologies can only be used as receivers. Active 

acoustic sensors have been deployed on AUVs to provide 

high-resolution maps of the seafl oor, zooplankton, fi sh, 

and the underside of sea ice.

Chemical Sensors

Chemical sensors have not yet been routinely deployed 

on autonomous platforms, although there are a few no-

table exceptions. Commercially available electrochemi-

cal sensor systems for methane have been used on AUVs 

and tethered remotely operated vehicles (ROVs) to map 

methane generated by decomposing methane hydrates 

on the seafl oor. Oxygen electrodes for gas exchange and 

biological production have been used on gliders and 

AUVs, and are being incorporated into profi ling fl oats 

on a demonstrational basis. Manganese has been mea-

sured on Autosub as an indicator of redox conditions 

in hypoxic waters. Th e CARIOCA (CARbon Interface 

OCean Atmosphere) system of drift ing buoys includes 

a measurement of CO2 fugacity and has been deployed 

on for extended periods in the equatorial and Northeast 

Atlantic and Southern Ocean (Figure 7). Long-term ob-

servations of particulate organic carbon (POC) have been 

made on profi ling fl oats in the North Pacifi c, based on 

optical transmission of light and a correlation between 

beam att enuation and POC in the open ocean. In situ 

mass sp ectrometers, although they presently have high 

power requirements (~100 W), have been deployed on 

platforms and the former has been incorporated into 

autonomous profi ling fl oats (Sherman and Davis, 1995). 

Th e frequency response of the most popular thermistor 

(Th ermometric FastTip FP07) is not fast enough to re-

solve turbulent temperature variance (TT V) dissipation 

rate for typical cruising sp eeds (~ 1-2 m/s) of propeller 

driven vehicles; however, a new capillary micro-conduc-

tivity sensor (Dillon et al., 2003) can resolve TT V dissi-

pation rates at vehicle sp eeds as high as 4 m/s, making it 

suitable for propeller driven platforms. Th ermocouples 

can also be adapted to fast moving platforms, since their 

frequency response exceeds 100 Hz (Nash et al., 1999). 

Th e relatively high noise level (~10-8 W/kg) of shear 

probes can be a major limitation in measuring turbulent 

kinetic energy (TKE) dissipation rate, esp ecially in re-

gions where turbulence mixing is weak (e.g., major parts 

of the Arctic Ocean) unless vibrations resulting from pro-

peller motions are decoupled from probe mountings. All 

the turbulence sensors are suitable for the slowly moving 

gliders and fl oats because they do not generate signifi cant 

noise compared to propeller-driven vehicles. 

Acoustic Sensors

Acoustic signals can travel great distances in the ocean 

and are useful in a wide range of scientifi c applications, as 

well as for underwater wireless communications, includ-

ing tracking of RAFOS fl oats (Medwin and Clay, 1998). 

One of the earliest recorded observations of sound trans-

mission in the ocean was made by Leonardo da Vinci in 

the late 1400s. Acoustic sensing systems are charact er-

ized as passive or act ive, depending on whether the sensor 

system only listens to a signal or whether it also generates 

and transmits a signal. Th ere are many natural sources of 

sound in the ocean, including raindrops, breaking waves, 

and cetacean communication; cavitation from ship pro-

pellers is also a signifi cant source of sound. Depending 

upon the wavelengths used in act ive acoustic sensing, the 

targets of interest include the seafl oor and susp ended sed-

iments, organisms ranging in size from small zooplank-

ton to large fi sh, physical microstructure, and bubbles. 
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Figure 7. Th e goal of the CARIOCA (CARbon Interface Ocean Atmo-

sphere) buoy is to improve quantitatively our knowledge of the spatial 

and temporal variability of CO2 gas exchanged at the ocean-atmosphere 

interface. Th e quantities necessary to compute the air-sea fl ux are wind 

speed, sea surface temperature, and the gradient of partial pressure of 

CO2 between the sea surface and the atmosphere. Th e CARIOCA buoys 

obtain simultaneous measurements of these parameters. A special 

eff ort has also been made to measure the quantities that control the 

distribution and the variability of pCO2 at the sea surface, including: 

pCO2 at a depth of 2 m; wind speed, sea surface temperature and salinity; 

fl uorescence; and atmospheric pressure. In this fi gure are shown data 

from four CARIOCA drifters, launched during the 2001 French fi eld 

program POMME in the Northeast Atlantic. Th e magenta line indicates 

the values of atmospheric pCO2. Th e other curves show the time and 

space variability of pCO2 in the ocean. A large inhomogeneity of the dis-

tribution of pCO2 is observed over an area of 800 km x 1000 km, mainly 

during the months of April and May when biological processes are very 

active. Figure courtesy of Liliane Merlivat, Laboratoire d’Oceanographie 

Dynamique et de Climatologie, Paris, France.

AUVs for short periods of time to detect volatile gasses. 

Successful long-term mooring deployments of dissolved 

gases sensors, components of the carbon system, and ni-

trate analyzers demonstrate the evolution of chemical 

sensors toward autonomy. Th e rewards of extensive ef-

forts to design robust sensors will soon yield a suffi  cient 

diversity of autonomous sensors to make in situ biogeo-

chemical observations a major part of ALPS-based stud-

ies.
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SCIENCEISSUES
A major goal of the ALPS workshop was to 

identify science issues best addressed by 

ALPS alone or in combination with other 

platforms. Workshop participants spanned 

the range of oceanographic disciplines, en-

gaging in discussions of a wide variety of 

important ocean science research problems. For some sci-

entifi c problems, ALPS have already provided the means 

to make signifi cant progress. For other, particularly mul-

tidisciplinary problems, ALPS have only begun to yield 

important results, with the promise of more to come. Th e 

distinguishing charact eristics of ALPS—their scalability, 

portability, adaptability, and effi  ciency—will lead directly 

to new and bett er science. 

Several scientifi c themes emerged from the workshop: 

Th e Ocean’s Role in Climate, Biogeochemical Cycles, 

Coastal Ocean Fluxes and Exchanges, Marine Food Webs, 

and High-Latitude Science Issues. Th is section summa-

rizes some of the workshop discussions of these themes. 

Specifi c case studies within each theme highlight the ex-

citing science that has already been, and will be, accom-

plished using ALPS, as well as lessons learned and future 

technology development needs.
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Introduction
Peter Niiler, Scripps Institution of Oceanography

Th e oceans have a profound eff ect on the atmosphere, 

and thus Earth’s habitability, because they are the prin-

cipal reservoirs of heat, moisture, and accessible carbon. 

If the temperature of the lower layers of the atmosphere 

over the oceans is diff erent from that of the sea surface, 

there is a vigorous exchange of heat and moisture be-

tween the two, with the temperature of the atmosphere 

adjusting to that of the sea surface because of its low heat 

capacity. 

Sea surface temperature (SST) depends upon the ther-

mal energy and freshwater reservoirs of the ocean ther-

mocline and its circulation patt erns. Th is is most vividly 

demonstrated by the observation that, in the present 

climate state, the warm surface layers of the subtropi-

cal oceans are separated from the cold deeper layers by 

a main thermocline. Such a vertical distribution of tem-

perature cannot be maintained in a conducting water 

column over many centuries unless a volume fl ux of cold 

water is supplied to the lower layers and a net heating or a 

volume fl ux of warm water is supplied to the surface lay-

ers. Because there is a net transfer of heat from the atmo-

sphere to the oceans in the tropics and subtropics, there 

must be an equivalent transfer of heat back to the atmo-

sphere in the sub-polar and polar regions. Th ermal en-

ergy absorbed in the ocean in low latitudes is transported 

poleward by ocean circulation where it is given back to 

the atmosphere (e.g., Roemmich, 1980). Th e transfer rate 

back to the atmosphere and the production of cold water 

that fi lls the space below the thermocline depends upon 

the depth of winter mixing, which is also controlled by 

the freshwater transport cycle (Aagard and Carmack, 

1989). To understand the ocean’s heat and freshwater 

distributions in and above the thermocline, and hence 

Earth’s climate, we need to understand the general circu-

lation, or property transports, of the oceans. 

Th e principal scientifi c questions are how well can we de-

scribe or model the ocean circulation today and how well 

can these descriptions or models predict the evolution of 

future climates.

Climate-scale changes in oceanic and atmospheric tem-

perature can occur when net surface heat, freshwater, 

and CO2 fl ux distributions between the ocean and atmo-

sphere are disturbed or when ocean circulation changes. 

Spatial scales can be several tens of kilometers, such as 

those that charact erize present bott om and deep water 

formation regions (Steff an and D’Asaro, 2002) , or many 

thousands of kilometers, such as those that charact er-

ize the global El Niño-Southern Oscillation (ENSO) 

phenomena (Horel and Wallace, 1981). Observations 

OCEAN’S ROLE INCLIMATE

Th e principal scientifi c questions are how well can we describe or 

model the ocean circulation today and how well can these descriptions or 

models predict the evolution of future climates. 
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of ocean property distributions are most variable at the 

lowest resolved frequencies, so we do not know if useful 

large-time-scale bounds can be est ablished for ocean-

climate phenomena. Gathering the data necessary to 

refi ne our understanding of the ocean’s role in climate is 

a daunting task because of the wide range of spatial and 

temporal scales that need to be measured. 

It is important to the assessment of the health, and even 

survival, of today’s civilizations that predictions of the 

eff ects of climate change are made with realistic ocean 

circulation models. Associated with, for example, the 

predicted global warming due to the increase of CO2 and 

other greenhouse gases in the present atmosphere, is an 

increased melting of glacial and continental ice sheets 

and a rise in sea level. How this freshwater fl ux from the 

ocean boundaries is incorporated into the oceans, how 

quickly sea level will rise follow melting, and how eff ec-

tively the melt water aff ects the deep ocean convection 

are questions that can be answered only by ocean models 

that have correct circulation physics. An assessment of 

the limits of El Niño or North Pacifi c Oscillation pre-

diction can only be done in context of ocean circulation 

models that embody accurate simulations of both tempo-

ral mean and variable circulation as well as realistic initial 

conditions of the ocean state. Th e reality of ocean circula-

tion models must be determined with spatially and tem-

porally extensive data sets of the state of the circulation 

and property distributions of the global oceans.

An important contribution that ALPS can make to 

climate change science is to provide sustained and sys-

tematic measurements of the circulation and property 

distributions of the oceans. ALPS are well-suited to cover 

the required 200 km and larger spatial scales and 7 days 

and longer time scales. Th e location history of Lagrangian 

sensors can be used to compute ocean horizontal velocity 

and sensors can be added to also determine vertical veloc-

ity (Lavender et al, 2002). 

ALPS can continuously observe the circulation and prop-

erty distributions of the remote oceans as a function of 

depth during all weather conditions. Th is is important for 

the observation of deep and intermediate water mass for-

Figure 8. Time mean, for 1992-2002, of global sea level from surface drifter geostrophic velocity, corrected using geostrophic velocity anomalies from 

satellite altimeters. Th is combination of ALPS and satellite measurements is an excellent example of modern climate observation.
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mation that occurs during times of high wind and strong 

heat fl uxes from the oceans to the atmosphere. For ex-

ample, vertical profi les of temperature and salinity during 

winter in the Labrador and Irminger Seas (Lavender et al, 

2002) and the Southern Ocean were obtained using ar-

rays of PALACE fl oats in the late 1990s.

ALPS can be used to determine the spatial scales and 

along-current extent of circulation patt erns that do not 

appear in traditional ship-borne data. For example, the 

extent and strength of the boundary current on the west-

ern fl ank of the Riekyes Ridge (Lavender et al, 2000), the 

multiple eastern boundary currents in the Norwegian 

Sea (Orvik and Niiler, 2000), and the longitudinal extent 

of Aghulas Extension (Pazan and Niiler, 2003) and the 

Azores Current (Niiler et al, 2003b) were not accurately 

known until drift ers had been deployed in these regions 

in a systematic basis for fi ve or more years. Th e currents 

along steep topographic features of the North Atlantic 

have strong barotropic signatures that do not appear 

in hydrographic data. Th e longitudinal extents of zonal 

current systems have not been investigated from ships 

because mesoscale act ivity precludes a coherent interpre-

tation or because these current systems are too remote to 

be followed by ship. 

ALPS global observations can be used in conjunction 

with satellite sensing of the ocean surface to enhance the 

capability of both systems (Niiler et al., 2003a). In prin-

ciple, two altimeters fl ying in parallel orbits can resolve 

150-km horizontal spatial structure of sea level. ALPS 

observations can be used to determine the vertical struc-

ture, and to test various models of converting altimeter 

observations to surface currents. Today, SST observations 

provided by drift ers (and profi ling fl oats in the very near 

future) are used to in conjunction with satellite retriev-

als of SST to map the SST patt erns of the global ocean. 

Ocean surface circulation maps are made in limited re-

gions using both satellite and ALPS data sets (Bonjean 

and Lagerloef, 2003). Th ese combined circulation maps 

can be made global if regional methodologies are pieced 

together in more systematic ways than are now done. 
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One of the most compelling scientifi c problems in ocean-

ography today is the role of the ocean in the coupled 

climate system, including its variability. Th e basic ele-

ments of climate are heat and freshwater. An improved 

understanding of climate requires knowledge of how heat 

and freshwater are stored, exchanged, and transported 

through the ocean/atmosphere/land system. 

Argo profi ling fl oats are a major contributor to the im-

proved understanding of the ocean’s role in climate by 

making repeated measurements of heat and freshwater 

storage and transport in the upper ocean on large spatial 

scales (1000 km to global) and on seasonal and longer 

time scales. Argo fl oats cycle every 10 days, dropping to 

a parking depth of 1-2 km where an estimate of the mid-

depth reference velocity is obtained from the trajectory. 

Floats then collect a high-quality conductivity-tempera-

ture-depth (CTD) profi le to the sea surface. Th e CTD 

data, trajectory, and engineering parameters are imme-

diately transmitt ed via satellite to Argo data centers for 

public availability via the GTS and Internet. By integrat-

ing these data, we can directly measure the storage of heat 

and freshwater in the oceans. In addition, these Argo pro-

fi les are key data to be assimilated into global computer 

models of ocean state. 

Argo implementation was initiated with regional arrays 

in the northern and tropical oceans—areas of highest 

priority to the fl oat-providing nations (Figure 9). As these 

CASE STUDY

Assessing Large-Scale Ocean State 
with the Argo Float Array
Dean Roemmich, Scripps Institution of Oceanography

Figure 9. Left: Positions of active Argo 

fl oats as of September 2003 (http:

//argo.jcommops.org). Argo is an 

international program that calls for 

the deployment of 3,000 free-drifting 

profi ling fl oats, distributed over the 

global oceans, that will measure the 

temperature and salinity in the up-

per 2,000 m of the ocean providing 

100,000 temperature/salinity profi les 

and reference velocity measurements 

per year. Th is will allow continuous 

monitoring of the climate state of 

the ocean. Th ere are suffi  cient com-

mitments of fl oats from the partner 

nations to complete the phased 

deployment of Argo in 2006. 
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arrays grow to eff ective fl oat densities, they have now 

begun to expand into the remote areas of the southern 

hemisphere oceans. As of September 2003 there were 

911 profi ling fl oats act ive in all of the oceans, deployed 

by partner nations. A complete global Argo array of 3000 

fl oats is planned for 2006, and will be distributed ap-

proximately every 3° of latitude and longitude. Th is spac-

ing will provide an array whose density increases with 

latitude to overcome the increased noise-to-signal ratio at 

high latitude due to mesoscale variability. 

Argo is in its early stages of implementation, but many 

scientifi c investigations are already underway. Th ese in-

clude:

•  Ocean heat balance. Th e Argo data set is being ana-

lyzed by itself and with other in situ and satellite data 

in local, regional, and global heat budgets.

•  Combination of Argo data with satellite altimetry. A 

high fract ion of the variability in altimetric height is 

due to steric change, and this synergistic asp ect is used 

for improved estimation of subsurface variability.

•  Salinity variability and the hydrological cycle. Salinity 

variability in the surface layer is the result of local 

evaporation minus precipitation modifi ed by horizon-

tal advection and mixed-layer entrainment.

•  Detection of mid-depth T/S variability. Subducted 

water masses carry the signature of past hydrological 

cycle variability. T/S anomalies in thermocline layers 

have been seen in Argo data from the tropical Pacifi c 

and the southern Indian Ocean.

•  Ocean circulation. Th e fi rst basin-scale maps of mid-

depth circulation were made during the World Ocean 

Circulation Experiment (WOCE). Th ese are being im-

proved in resolution and accuracy, and further infor-

mation on variability of mid-depth circulation is being 

analyzed.

•  Water mass formation. Th e broad-scale fl oat array is 

an eff ective means of studying the distribution, evolu-

tion, and charact eristics of mode waters and other up-

per ocean water masses (e.g., Figure 10).

•  Mixed layer thickness/ upper ocean stratifi cation. 

Anomalously shallow winter mixed layers were re-

cently observed in Argo profi les in the subpolar North 

Pacifi c, with possible biological consequences in the 

coming year.

Argo technology development is ongoing, with the focus 

on improving profi ling fl oats for the Argo mission. Work 

is underway to improve communications systems for 

shorter fl oat surface times and greater message length, to 

increase the robustness and reliability of fl oats for longer 

lifetime, to improve the accuracy and stability of salinity 

sensors, and to increase the effi  ciency and depth capabil-

ity of pumping systems. Outside of Argo, there is addi-

tional development work on new sensors with profi ling 

fl oat applications. New sensors may be integrated into 

Argo once they are demonstrated to be compatible with 

and complementary to the basic mission. Depending on 

sampling requirements and sensor charact eristics, new 

programs might either share platforms with Argo or de-

ploy additional fl oats in embedded or ancillary arrays.

Figure 10. Temperature and salinity time series from an Argo fl oat near 

the formation region of South Pacifi c Eastern Subtropical Mode Water. 

Heat storage in the ocean is dominated by the annual cycle. Interannual 

changes are evident in the salinity record. As Argo time series lengthen 

in coming years, these direct observations of changes in ocean climate 

promise a new understanding of the underlying processes. Modifi ed from 

A.P.S.Wong and G.C. Johnson, 2003, Jour. Phys. Oceanog.,33(7), p. 1501, 

Copyright July 2003, American Meteorological Society (AMS). 
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Accurate models of the ocean’s role in stabilizing climate 

on the one hand, and its potential to change state and 

induce major transitions in climate on the other, depend 

upon understanding the underlying mechanisms that 

shape the general circulation of the ocean. Because of the 

extraordinary range of scales that contribute to the gen-

eral circulation of the ocean, a proper understanding of 

the ocean as a dynamical system cannot be achieved by 

considering only those scales associated with the time-

averaged mean fl ow. We need to charact erize and un-

derstand the role of the energetic mesoscale eddy fi eld, 

which is not only time-dependent, but also can have quite 

diff erent spatial and temporal properties in diff erent re-

gions. Here we draw att ention to a particular class of eddy 

motion, the ubiquitous, energetic coherent eddies that 

seem to occupy a substantial, but as yet not fully charted, 

fract ion of the total ocean volume. 

As part of the Atlantic Climate Change experiment 

(ACCE—a component of U.S. WOCE), a large number 

of acoustically tracked RAFOS fl oats were deployed in 

the late 1990s to map out the mean circulation and eddy 

act ivity on an isopycnal surface in the thermocline in the 

Atlantic Ocean north of about 40°N. Bower et al. (2002) 

reported on the mean circulation and the role of fracture 

zones in steering fl ows across the Mid-Atlantic Ridge. 

Here we give another example of how the data from con-

tinuously tracked RAFOS fl oats can be used.

Th e frequent location of each fl oat, at least once daily, en-

abled us to study their motion in considerable detail (visit 

www.po.gso.uri.edu/rafos for further details about the 

RAFOS system and technology). We were struck by the 

numerous examples of fl oats executing looping motions 

in their trajectories. Such motions have been observed 

and studied before and have always been att ributed to the 

orbital motion or rotation of coherent vortices. But the 

large number of long trajectories (up to two years) over a 

wide area allowed us to take a census of coherent eddies 

(Slater et al., 2003). Here we considered a fl oat to be in a 

coherent eddy if it made at least two consecutive loops in 

the same direction (a “looper”). Figure 11 gives a complete 

inventory of all observations of anticyclonic (red) and cy-

clonic (blue) motion. We found that 16% (25 fl oat-years) 

of all fl oat data were in loopers. One hundred and eight 

loopers were identifi ed in 96 diff erent eddies with almost 

perfect equipartition in cyclonic and anticyclonic eddies 

(49 and 51%). Th is ratio apparently varies from region to 

region such that the European Basin featured a larger per-

centage of anticyclonic eddies, perhaps due to the shed-

ding of meddy-like features along the eastern boundary. 

Some eddies remained stationary for very long periods of 

time (> 1 year), but most of the eddies that could be fol-

lowed for a period of time moved in the direction of the 

general circulation as observed by the non-looping fl oats. 

Several fl oats were trapped in eddies just upstream (west) 

of the Charlie Gibbs (52°N) and Faraday (50°N) Fracture 

Zones, which also seem to be preferred routes for fl ow 

crossing the Mid-Atlantic Ridge (Bower et al., 2002).

An analysis of SOFAR fl oat trajectories from the Sargasso 

Sea (Rossby et al., 1983) also revealed a number of in-

stances where fl oats were caught in coherent eddies and 

exhibited similar orbital motions, both cyclonic and anti-

cyclonic, with rough equipartition. Looping motions were 

observed in both the main thermocline and at depth, but 

the fract ion of time fl oats were looping was much less 

(about one half) than the 16% observed in ACCE. Th us, 

CASE STUDY

A Census of Coherent Eddies 
in the Northern North Atlantic Ocean
Tom Rossby, University of Rhode Island
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acoustically tracked fl oats have taught us that coherent 

eddies (or lenses, since these are embedded in the strati-

fi ed water column) occur in diff erent oceans, geographies, 

dynamical regimes. Some eddies clearly last for months to 

years. Some are shed by boundary currents or meander-

ing fronts, while others appear to be formed spontane-

ously in the open ocean. Th e high-resolution trajectories 

obtained with acoustic tracking of isopycnal fl oats are 

particularly well suited to studies of such eddy features.

References

Bower, A. S., B. Le Cann, T. Rossby, W. Zenk, J. Gould, K. Speer, P.L. 

Richardson, M.D. Prater, and H.M. Zhang, 2002, Directly measured 

mid-depth circulation in the northeastern North Atlantic Ocean, 
Nature, 419, 603-607.

Rossby, H.T., S.C. Riser and A.J. Mariano, 1983, Th e West ern North 

Atlantic—A Lagrangian Viewpoint, In, Eddies in Marine Science, A. 

R. Robinson, Ed. Springer-Verlag, Berlin.

Slater, D.R., P.L. Richardson, A.S. Bower, and H.T. Rossby, 2003, 

Discrete eddies in the northern North Atlantic as observed by loop-

ing RAFOS fl oats, Deep-Sea Res., in revision.

Figure 11. By acoustically tracking RAFOS fl oats in the northern North Atlantic, coherent eddies, defi ned as 

where the fl oats make at least two loops in the same direction, were shown to account for a fraction of the 

total eddy motion in the ocean. Studies of coherent eddies contribute to our understanding of mixing and 

transport processes in the oceans, accurate knowledge of which is essential to studies of the oceans’ role in 

global climate change. 
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Introduction
Ken Johnson, Monterey Bay Aquarium Research Institute

Primary production of particulate carbon in the ocean 

plays a fundamental role in the global carbon cycle. Each 

year, phytoplankton in the ocean fi x 35 to 65 Gt of in-

organic carbon into organic molecules, which is about 

one half of the planetary primary production (Field et 

al., 1998; Behrenfeld et al., 2001). Simulations with nu-

merical models suggest that atmospheric carbon dioxide 

would increase about 400 ppm above pre-industrial val-

ues of 280 ppm without this biological uptake of carbon 

dioxide in the ocean. However, our understanding of the 

environmental factors that regulate primary production 

in the global ocean are very poorly constrained. Th ere are 

never enough shipboard measurements in any one year 

to determine primary production of the global ocean or 

a single ocean basin. Remote sensing of ocean color mea-

sures only variability in phytoplankton concentration 

near the sea surface and it does not measure primary pro-

duction directly. Nor does remote sensing detect changes 

in the deep chlorophyll maximum, which is present 

throughout much of the oligotrophic ocean. As a result, 

interannual variations in carbon cycling that are driven 

by processes such as El Niño are not well understood. It is 

essential to understand the response of ocean biology and 

chemistry to such natural climate oscillations if we are to 

predict the response of the ocean carbon cycle to long-

term changes in climate.

Today, nearly 1000 vertical profi ling fl oats that are 

equipped with temperature, salinity, and pressure sen-

sors are operating throughout the ocean in the Argo array 

(see case study on page 18). Th ese fl oats are designed to 

make approximately 150 vertical profi les to 1000 or 2000 

m depth at 10-day intervals over a time period of four to 

fi ve years. Th e Argo system provides a global assessment 

of heat storage in the ocean, a key component of Earth’s 

climate system. Presentations at the ALPS workshop 

made it clear that there has been a very signifi cant ad-

vance in the development of robust biogeochemical sen-

sor systems capable of operating on profi ling fl oats. It is 

now feasible to consider the development of a basin-scale, 

biogeochemical observing system that is based on vertical 

profi ling fl oats similar to those used in the Argo array. 

Biogeochemical sensors on a network of fl oats could be 

used to detect large-scale changes in the abundance of 

nutrients that control marine primary production. Th e 

changes in the concentration of chemicals such as oxygen, 

which are produced when carbon dioxide is fi xed into or-

ganic matt er, could be used to calculate the net amount of 

primary production. Observations of particle abundance 

in the upper ocean would enable an estimate of the frac-

tion of primary production that was transported into the 

BIOGEOCHEMICALCYCLES

It is essential to understand the response of ocean biology and 

chemistry to...natural climate oscillations if we are to predict the response 

of the ocean carbon cycle to long-term changes in climate. 
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deep sea. For the fi rst time, ocean scientists could directly 

observe basin- to global-scale changes in the carbon cycle 

and factors that regulate it. Operated over multiple years, 

this system would provide essential data on the response 

of ocean ecosystems and the ocean carbon cycle to short-

term changes in climate. Such data would provide much 

of the understanding needed to predict variations in the 

carbon cycle that might result from global warming.

Robust biogeochemical sensors that have the potential 

to operate over extended time periods have been devel-

oped for dissolved oxygen, Particulate Organic Carbon 

(POC), nitrate, and chlorophyll fl uorescence. Th e scien-

tifi c potential of these sensors has been demonstrated by 

equipping profi ling fl oats with optical sensors for light 

transmission, fl uorescence, and backscatt ering (Bishop et 

al., 2002). Th ese fl oats have detected a remarkable shift  

in POC standing stock (Figure 12), which appeared to be 

associated with an Asian storm that deposited iron-rich 

dust on the surface of the North Pacifi c. Phytoplankton 

in this region are iron defi cient and the dust-derived iron 

stimulated a large-scale plankton bloom. 

Experiments to assess the feasibility of monitoring dis-

solved oxygen with sensors on vertical profi ling fl oats are 

well underway. Preliminary results, shown in a poster 

presented at the ALPS meeting, demonstrate remark-

able stability of the deep-water oxygen concentrations 

reported with a fl oat-mounted oxygen electrode up to the 

present. An optical sensor system capable of measuring 

dissolved nitrate in seawater over long time periods on 

deep-sea moorings, CTD profi lers, and undulating towed 

vehicles such as SeaSoar has been developed (Johnson 

and Colett i, 2002). While this system has not been test ed 

on fl oats, there is no inherent reason why it would not 

work.

A global or basin-scale array of vertical profi ling fl oats 

equipped to measure oxygen, nitrate, POC (via light 

transmission), and fl uorescence could be used to address 

a range of questions that are related to regulation of pri-

mary productivity by nutrient availability, annual and 

interannual variation in ocean net primary production, 

and export of carbon to the deep sea. Measurements of 

the oxygen and carbon isotopic composition of air show 

that the net ocean uptake of carbon dioxide may vary 

interannually from 1 to 3 Pg C/y (Batt le et al., 2000). Th is 

variation is comparable to the uptake of fossil fuel car-

bon dioxide by the ocean (~2 Pg C/y). Th e atmospheric 

observations provide litt le mechanistic understanding of 

why these changes in ocean CO2 uptake occur. We do not 

know whether such changes are controlled by variability 

in ocean biology or ocean physics. Th ere is abundant evi-

dence, however, that large-scale changes in ocean biology 

do occur and these changes are linked to fl uctuations in 

atmospheric carbon dioxide (Chavez et al., 2003). It is 

critical that we understand when and how such changes 

in ocean primary production occur so that bett er predic-

tive models of the ocean-atmosphere partitioning of car-

bon dioxide can be developed.

Such an array of biogeochemical fl oats would be particu-

larly interesting in the Southern Ocean. Th e Southern 

Ocean has a disproportionately large infl uence on climate 

variations because of the ventilation of deep, carbon di-

oxide-rich waters in that region and low, but variable pri-

mary production. Observations in the Southern Ocean 

are rare because few ships operate there due to its remote 

location, and extreme weather makes it diffi  cult to deploy 

moored buoys. A network of profi ling fl oats would pro-

vide ocean scientists with an unparalleled opportunity to 

monitor biogeochemical changes in this region over many 

years.

Planning is currently underway to implement the ocean 

component of the U.S. Carbon Cycle science plan (Doney 

et al., in preparation). Th e research that could be ad-

dressed with an array of biogeochemical fl oats is broadly 

consistent with the CCSP and with the sp ecifi cs of the 

ocean component. Th ere are fi ve overarching scientifi c 

goals in the CCSP (Sarmiento and Wofsy, 1999), three of 

which have signifi cant ocean components:
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Figure 12. Vertical profi ling fl oats equipped with optical sensors for light transmission, fl uorescence, 

and backscattering have been used to detect Particulate Organic Carbon (POC) in the North Pacifi c 

(50°N, 145°W). Top and middle panels show time series of POC variability from two fl oats during 

the fi rst 50 days of deployment. Th e lock-step nature of both records indicates that observed POC 

variability is a response to large-scale forcing. Th e bottom panel shows enhanced net growth of POC 

on days 114 through 118, approximately two weeks after Gobi Desert dust passed over the area. Th e 

iron in the dust apparently stimulated a large-scale plankton bloom. Reprinted with permission from 

Bishop, J.K.B., R.E. Davis, and J.T. Serman, 2002, Robotic observations of dust storm enhancement of 

carbon biomass in the North Pacifi c, Science, 298, 817-821. Copyright 2002 American Association for 

the Advancement of Science.
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• Understanding the Northern Hemisphere land sink

• Understanding the ocean carbon sink

• Improving projections of future atmospheric CO2.

Th e draft  Ocean Implementation Plan (Doney et al., in 

preparation) calls for a phased, basin-by-basin approach. 

“In phase 1 (beginning in 2003 ramping up to the full 

program in 2005-2009) emphasis will be placed on the 

North Atlantic and Pacifi c in conjunction with the North 

American Carbon Program. Southern Ocean synthesis 

and pilot studies are also proposed for phase 1 followed 

by a full Southern Ocean fi eld eff ort in phase 2 (2010-

2014).” Emphasis is placed in phase 1 on “accelerating 

technology development and fi eld testing for new bio-

geochemical techniques, ..., and autonomous sensors and 

platforms that have the opportunity to revolutionize how 

ocean carbon cycle research is conducted and will provide 

the capability to measure important properties over large 

sections of the ocean on an almost continual basis.” Th e 

system discussed here would provide an essential step 

towards implementation of this plan.

To assess the feasibility of an observing system based on 

biogeochemical sensors deployed on an array of profi l-

ing fl oats, several additional steps need to be undertaken. 

First, a preliminary design study for a fully instrumented 

biogeochemical fl oat needs to be undertaken. Such a 

study must identify the key sensors, power budget, fl oat 

profi ling cycle, and required endurance. A modeling 

study that constrains the density of fl oats and the preci-

sion of measurements needed to observe new primary 

production and nutrient stocks over an ocean basin is 

also necessary. A modeling study could also assess the 

feasibility of using periodic hydrographic surveys of deep-

sea chemical properties, which are proposed in the CCSP 

Ocean Implementation Plan to assess sensor drift  in a 

fl oat array and, potentially, to serve as a calibration point. 

Finally, studies must be implemented to demonstrate the 

stability of key sensor systems, such as for nitrate. Th e 

feasibility of developing additional sensors for pH should 

also be assessed. Observations of pH change in the ocean 

on seasonal time scales would provide an additional con-

straint on rates of new primary production as the uptake 

of carbonic acid is a primary control on ocean pH.
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CASE STUDY

Resolving Spring Bloom Dynamics in 
the Sea of Japan
Greg Mitchell, Scripps Institution of Oceanography

Following deep convective mixing in winter, many high-

latitude regions experience thermal stratifi cation during 

late winter and early spring resulting in signifi cant spring 

phytoplankton blooms associated with the shoaling of 

the mixed layer. Globally, spring blooms are of consider-

able importance in mediating the fl ow of atmospheric 

carbon dioxide into the oceans. Marine plants such as 

phytoplankton consume carbon dioxide, thus increasing 

the rate at which atmospheric carbon dioxide enters the 

ocean surface. 

Th e Japan Basin in the Sea of Japan annually experiences 

deep convective mixing as a consequence of Siberian 

low pressure systems that bring high wind and very cold 

air masses to the region. Th us, this is an ideal region 

to study the onset of spring blooms caused by thermal 

stratifi cation and their role in the global carbon cycle. 

Th is phenomenon is diffi  cult to sample by ships due to 

the unpredictable timing. Moorings can be very useful, 

but they are expensive and the depth resolution of most 

moorings is relatively poor. Satellite ocean color data are 

limited by cloud cover and provide no depth resolution. 

Autonomous profi lers with simple optical sensors can 

eff ectively provide low-cost, high-resolution profi les to 

complement more traditional observational strategies.

To charact erize thermal stratifi cation, the development 

of the spring bloom, and formation of the post-bloom 

deep chlorophyll maximum in recurring eddies in the 

Sea of Japan, we deployed a Sounding Oceanographic 

Lagrangian Observer (SOLO) with a temperature sensor 

and a three-channel sp ectral radiometer (Figure 13). Th e 

sp ectral radiometer allowed estimates of sp ectral diff use 

att enuation coeffi  cients (K), the depth derivative of irra-

diance. K is well correlated with phytoplankton pigments 

and colored dissolved organic matt er. An important ad-

vantage of the simple three-channel irradiance sensor 

is that it has very low power requirements and K is not 

aff ected by calibration or biofouling since K is computed 

as the rate of change in irradiance over small depth in-

tervals. A disadvantage is that K can only be computed in 

the upper water column (~200 m) during daytime.

K-SOLO was programmed to acquire a profi le of sp ec-

tral irradiance and temperature in the upper 500 m near 

noon on alternate days. Th e timing of the profi le was 

Figure 13. SeaWiFS chlorophyll a image for April 6, 2000, approximately 

three weeks after the autonomous K-SOLO profi ler deployment. K-SOLO 

transmitted data every second day until August 8, 2000. K-SOLO stayed 

within the Japan Basin for the fi rst 75 days and in situ calculations of 

K(490) increased from 0.06 m-1 to 0.15 m-1. Th e full K-SOLO trajectory is 

superimposed on the image. After the spring bloom associated with the 

thermal stratifi cation of the deeply mixed basin, K-SOLO drifted rapidly 

to the east and was eventually caught in a fi shing net.



27

chosen to collect data simultaneously with the overpass 

of the SeaWiFS ocean color satellite. Resolution of tem-

perature and sp ectral irradiance was 5 m in the upper 100 

m and 10 m from 100-200 m; below 200 m the irradiance 

data were not reported and temperature resolution was 

limited to 10 m. Th ese sampling compromises were re-

quired to permit data transmission via the low bandwidth 

System ARGOS on NOAA polar orbiting satellites. A 

total of 76 vertical profi les were acquired. 

Th e time series of temperature and K(490) are shown 

in Figure 14. Initially, K-SOLO was trapped in the Japan 

Basin eddy and resolved the late winter deeply mixed sys-

tem and the temporal dynamics of thermal stratifi cation 

and the spring bloom. Th us, the initial deployment pe-

riod, while within the eddy, can be considered a 1-dimen-

sional experiment for evaluating the onset of the spring 

phytoplankton bloom in response to physical stratifi ca-

tion. Aft er strong stratifi cation occurred, the K-SOLO 

moved east. Th e development of a deep chlorophyll max-

imum was evident, presumably caused by isolation of the 

mixed layer from nutrients below the pycnocline. 

Figure 14. Time evolution of temperature (left) and K(490)—spectral diff use attenuation coeffi  cient—(right) in the upper 200 m during the K-SOLO 

experiment. Evidence of higher attenuation coeffi  cients in the upper 100 m compared to deeper water indicates some growth of phytoplankton even in 

deeply mixed waters. Following strong stratifi cation after day 125, a phytoplankton bloom occurred with maximum values observed near day 150. Th e 

increase in phytoplankton led to a strong increase in K(490) in the surface waters. Subsequently, the surface bloom declined and maximum values of 

K(490) were found near 50 m depth. K(490) below 150 m approached values close to the pure water value for this wavelength.

With higher bandwidth communications that are now 

possible, the integration of att enuation or backscatt ering 

meters, fl uorometers , oxygen, pCO2, and perhaps nutri-

ent sensors can be envisioned to create inexpensive “pro-

ductivity” fl oats to improve our understanding of physi-

cal-chemical-biological coupling and how this coupling 

infl uences biogeochemical cycles in the upper ocean. 

Autonomous systems should be envisioned as an inex-

pensive observing strategy to complement ships, moor-

ings, and satellites. Th ese systems should prove particu-

larly important for high-latitude regions that are diffi  cult 

to sample year round and where cloud cover severely lim-

its satellite observations. While we were fortunate that 

the single unit deployed in this case study was retained in 

the target eddy for several months, in general, an array of 

similar fl oats should be deployed within a region to more 

accurately charact erize the coupling between physical 

dynamics and phytoplankton response.
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Introduction
R. Kipp Shearman, Woods Hole Oceanographic Institution

Th e coastal ocean is a dynamic environment, charact er-

ized by complex spatial patt erns that change on a variety 

of time scales. Forcing by wind and buoyancy (i.e., riv-

ers), variations in bathymetry, enhanced mixing from 

relatively large tides, and the presence of fronts (e.g., the 

shelf-slope front in the Middle Atlantic Bight) are just a 

few processes in the coastal ocean that combine to cre-

ate variability on short length (as litt le as 1 km) and time 

(less than a day) scales, not to mention other chemi-

cal and biological processes that add to the complexity. 

Observing this variability is one of the principal chal-

lenges in addressing a wide range of important oceano-

graphic problems. Th e fundamental processes aff ecting 

along-shelf transport and exchange between the coastal 

and deep ocean of physical, biological, and chemical 

properties must be understood. For example, conducting 

search and rescue operations, dealing with environmen-

tal hazards such as oil spills or harmful algal blooms, and 

monitoring coastal ecosystems (processes such as recruit-

ment) depend on knowing transport pathways in the 

coastal ocean.

Th e diffi  culty of obtaining measurements that capture 

both the spatial and temporal variability is the primary 

factor limiting progress in understanding the coastal 

ocean. In the past few decades, remotely sensed observa-

tions (e.g., satellites, airborne lidar, and shore-based HF 

radar) have provided detailed pictures of the charact eris-

tics of the ocean surface. However, the underlying struc-

ture remains poorly understood because of our inability 

to make complementary subsurface observations with 

spatial and temporal detail similar to the remotely sensed 

observations. Traditionally, oceanographers have relied 

on ship-based surveys and moored instrumentation to 

obtain observations of the ocean’s structure and variabil-

ity. Moored arrays of instruments can sample rapidly for 

several months or more, but the deployment of fi xed ar-

rays is expensive, and it is not feasible to deploy enough 

moorings to resolve the short spatial scales charact erizing 

the coastal ocean. Ship-based surveys have the advantage 

of bett er spatial coverage and resolution, but they are also 

expensive, require the use of large oceanographic research 

vessels, are constrained by weather, and typically last a 

few weeks or less due to costs.

To advance our understanding of the coastal ocean, in 

particular, processes related to transport and exchange, 

an observational capability that merges the high spatial 

resolution of ship-based surveys with the endurance and 

temporal resolution of moorings is needed. ALPS are a 

cost-effi  cient means to achieve this goal. Fleets of glid-

ers are an eff ective way of sampling large areas over long, 

COASTAL OCEAN FLUX
AND EXCHANGE

ALPS will play a major role in the emerging fi eld of coastal observatory science 

because they return more data per unit cost than ships or moorings, provide the needed 

spatial and temporal resolution, and are unconstrained by weather or ship availability.
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continuous periods, powered AUVs are useful for sam-

pling smaller areas with a larger suite of instrumentation, 

and fl oats off er direct measurement of transport path-

ways. Furthermore, ALPS will play a major role in the 

emerging fi eld of coastal observatory science because they 

return more data per unit cost than ships or moorings, 

provide the needed spatial and temporal resolution, and 

are unconstrained by weather or ship availability. Coastal 

observatories will likewise enhance the capabilities of au-

tonomous platforms such as gliders and powered AUVs 

by providing the means to recharge batt eries or download 

Figure 15. Above: Path of the REMUS AUV during the 22 

May 02 deployment off  Martha’s Vineyard (dots indicate 

hourly intervals). REMUS was equipped with a conductiv-

ity-temperature-depth sensor, acoustic Doppler current 

profi ler (600 kHz), and an optical backscatter sensor. Right: 

Observed temperature (top), salinity (middle), and density 

(bottom, shaded), and westward currents (contoured) along 

Line 1. A strong (25 cm/s), narrow (~4 km wide) current 

jet dominates the inshore velocity fi eld, running westward 

along the 15 m isobath. Th e jet overlies a sharp cross-

shelf density gradient associated with a buoyant plume 

of relatively fresh water (S<31.5) very near the shoreline. 

Th e observed vertical shear within the jet approximately 

matches the estimate of thermal wind shear from the 

measured cross-shelf density gradient. Th is feature and its 

dynamical characteristics had previously gone unobserved 

because traditional sampling techniques do not resolve the 

small spatial scales.

22 May 2002  REMUS Track

40

 

30

30

20 20

20

10

10

10

10

10

L
in

e 1

L
in

e 2

 54'  48'  
 

 36' 30' 24' 

 10' 

 15' 

41°N

70°W 

20' 

 25' 

 30' 

Martha's Vineyard

20

10

L
in

e 3

 42'

data without coming out of the water. Finally, the high-

resolution synoptic data provided by platforms such as 

gliders and powered AUVs, in conjunction with remotely 

sensed surface data, are ideally suited to assimilation into 

models of the coastal ocean, and will improve the capa-

bilities and validate our understanding of these models.

Th e actual implementation of ALPS in the coastal ocean 

is in its most nascent stages. For example, in 2002 and 

2003 several rapid, high-resolution sections of tempera-

ture, salinity and currents were collected at the Martha’s 

Vineyard Coastal Observatory (Figure 15), using the 

AUV REMUS. Th e spatial resolution of the observa-

tions are unique for this region, and the observations have 

helped reveal previously unknown features, such as a near 

shore buoyant plume that strongly aff ects the currents 

and stratifi cation over the inner shelf. Other more ambi-
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tious eff orts are underway to implement comprehensive 

observations of the California Current, using large net-

works of autonomous gliders with the goal of resolving 

the features responsible for cross-shelf fl uxes of heat, salt, 

and nutrients (see case study on opposite page). Also, 

gliders are currently being used in integrated observing 

systems to monitor the development of harmful algal 

blooms off  the west Florida shelf (see case study on p. 33).

Our understanding of the coastal ocean, and esp ecially 

processes that aff ect the transport and exchange of 

physical, biological, and chemical properties, depends 

on the development and expansion of autonomous and 

Lagrangian observational capabilities. Traditional obser-

vational methods will never suffi  ce, because large ships 

are too few and too expensive to make the necessary 

frequent observations, small boat operations have lim-

ited range and are too dependent on calm weather, and 

moorings lack the necessary spatial resolution. For ALPS 

to achieve their full potential as an observational tool 

for coastal oceanography, several technological advances 

will be required. Gliders will need an expanded instru-

ment payload, including equipment such as an Acoustic 

Doppler Current Profi ler (ADCP), and powered AUVs 

will need increased endurance and range, achieved 

through more effi  cient power management, larger bat-

teries, or connections with underwater docking stations. 

Finally, to fully address problems related to coastal ocean 

transport and exchange, advances will be required in 

managing the large amounts of data resulting from the 

deployment of autonomous platforms such as gliders, the 

assimilation of these observations into models, and link-

ing together observations from various points along the 

coast to bett er understand the system as a whole.
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CASE STUDY

Fluxes in the California Current System
Charlie Eriksen, University of Washington

A network of gliders observing the entire continental U.S. Pacifi c Coast 

several hundred kilometers off shore would cost annually roughly what a single 

oceanographic ship costs to make a month-long cruise. 

Th e California Current System is responsible for main-

tenance of the ecosystem encompassing the entire Pacifi c 

coast U.S. Exclusive Economic Zone and beyond. Th e 

consequences of its structure and variability are of en-

vironmental, economic, and military importance. Th e 

fl uxes of heat, freshwater, and nutrients that it controls 

determine how, where, and when ocean productivity 

takes place. 

Fluxes within the California Current System are poorly 

known and more poorly understood. While advection 

within the Pacifi c subtropical gyre and coastal upwell-

ing generally determine physical structure, and this 

physical structure in a large part determines biological 

productivity, the sp ecifi c processes that govern the eco-

system and its variation through the seasons, El Niño 

Southern Oscillations cycles, and the Pacifi c Decadal 

Oscillation have not been identifi ed or understood. How 

the West Wind Drift  across the Pacifi c bifurcates into the 

California and Alaska Currents is not known, nor are its 

seasonal and interannual cycles. Coastal upwelling oc-

curs in squirts and jets, yet its overall effi  cacy in supply-

ing nutrient-rich waters to the near surface where light 

penetrates is not well known. Th e current system is richly 

eddied but the role of these eddies is poorly understood.

To determine how the California Current System works 

requires additional observations. At present, regular 

ship-based surveys of the system are carried out roughly 

quarterly along several transects. Th ese surveys provide 

a description that is too coarse both temporally and spa-

tially to answer the questions of what fl uxes are carried 

by the current system and what implications these have 

for the ecosystem. Th e current ship-based surveys are 

Figure 16. Th e Seaglider is one of several autonomous underwater 

vehicles that enable oceanographers to measure hydrographic, chemical, 

and biological fi elds on long sections across the oceans. Th is particular 

instrument can measure about 1000 profi les from the surface to a depth 

of 2 km over a track of about 6000 km. Each time it surfaces, it transmits 

data via satellite, at which time its course can be reset. Th e Seaglider is 

1.8 m long and weighs 52 kg—a size and weight that allow easy launching 

and recovery by two people on a small boat.
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inadequate because coarse resolution in space and time 

contributes errors comparable to the signals. Dramatic 

increases in the density of ship-based observations are 

prohibited by cost.

Autonomous underwater gliders (Figure 16) off er an 

att ract ive solution to the problem of making regular ob-

servations across the current system extent and over sea-

sonal and interannual time scales while resolving features 

of much smaller scale in space and time. A network of 

gliders observing the entire continental U.S. Pacifi c Coast 

several hundred kilometers off shore would cost annually 

roughly what a single oceanographic ship costs to make 

a month-long cruise. Th e dramatic diff erence in cost be-

tween ships and gliders derives from reliance on robotic 

machinery rather than on human labor to execute seago-

ing measurements. Gliders are controlled remotely from 

shore.

A schematic glider sampling plan of the California 

Current System is shown in Figure 17. Th e glider survey 

is laid out as a sequence of intersecting sections forming 

enclosed regions a couple of hundred km on a side. Fluxes 

of mass, heat, fresh water, oxygen, and chlorophyll can 

be estimated through the boundaries of each of these en-

closed regions so that budgets of these quantities can be 

examined. Such sampling allows a regional map of fl ux 

convergence of the measured quantities to be constructed 

that covers the entire current system.

Glider surveys of the kind pictured will resolve fl uxes 

at fi ne horizontal (several kilometers) and temporal 

(monthly) scales. Because of their low cost, a glider net-

work can be maintained continuously for several years. 

Glider ranges and mission durations can be several thou-

sand kilometers and several months, resp ectively. A net-

work reaching several hundred kilometers to sea can rely 

on small boats on day trips from shore to maintain it. All 

data from the glider network would be archived in near 

real time.

Figure 17. Schematic autonomous underwater glider 

sampling plan for the California Current System. Ma-

genta sequences of dots are potential sampling tracks of 

a network of gliders, with locations of successive dives 

marked by circles 5 km apart. Solid dots show the loca-

tion of the Line P, Newport, Monterey, and CALCOFI hy-

drographic casts made roughly quarterly by ships. Dot-

ted curves indicate annual average dynamic topography 

(dynamic cm) with respect to 1 km depth. All glider 

transects would be repeated monthly, providing over a 

quarter million km of 1 km deep sections annually.



33

CASE STUDY

Making Progress on Harmful Algal 
Blooms: Lessons from the Gulf of Mexico
Oscar Schofi eld, Rutgers University and Chris von Alt, Woods Hole Oceanographic Institution

Harmful Algal Blooms (HABs) directly impact human 

health and cause numerous trickle-down economic ef-

fects. In the west ern waters off  Florida, blooms of the tox-

ic dinofl agellate K. brevis (formerly Gymnodinium brevis) 

have occurred annually in the Gulf of Mexico 26 out of 

27 years since records have been kept (K. Steidinger, pers. 

comm.), and the geographic extent of the blooms appears 

to have increased in recent years. Th ese blooms have re-

sulted in fi sh kills and reduced commercial seafood pro-

duction and recreational fi shing success along the coast-

lines of Alabama, Florida, Louisiana, Mississippi, North 

Carolina, and Texas. Economic impact studies showed 

a loss to Florida of nearly $20 M from a bloom in 1971 

and more than $15 M from a 1973-74 bloom (Habas and 

Gilbert, 1974). 

Litt le is known concerning the exact physical and/or 

chemical conditions providing for increased growth 

and, ultimately, accumulation of K. brevis. It is gener-

ally thought that K. brevis blooms develop off shore 

(Steidinger, 1975) and that physical forcing (water cir-

culation, tides, wind) transports and concentrates cells 

within near-shore waters. One hypothesis suggesting 

off shore development is currently supported by ex-

perimental work and ship observations. Th e hypothesis 

suggests that K. brevis blooms are initiated 20 to 75 km 

off shore where the growth of another, non-toxic phyto-

plankton, Trichodesmium spp., plays a critical role. Saharan 

dust transport and deposition help to fuel the growth of 

Trichodesmium spp., which then releases dissolved organic 

nitrogen necessary for K. brevis growth. Because there 

are many steps that lead to K. brevis development, the 

initial steps involve low concentrations of phytoplankton 

throughout the water column (making bloom initiation 

diffi  cult to detect by satellite), and the entire sequence 

may takes weeks to months to come to fruition, tradition-

al shipboard strategies are inadequate. Integrated sensor 

packages on appropriate long-duration, autonomous plat-

forms are needed to collect relevant data over the proper 

temporal and spatial scales. Autonomous platforms are 

now suffi  ciently robust and can maintain a continu-

ous presence in off shore waters. AUVs could be used to 

charact erize the phasing of K. brevis and Trichodesmium 

blooms in off shore waters as bio-optical instrumentation 

is now capable of detecting both phytoplankton sp ecies 

while simultaneously determining the relative concentra-

tion of colored dissolved organic nitrogen.

A competing idea is that nutrients from rivers play a role 

in initiating red tides. Accumulations of K. brevis cells 

are usually observed in nearshore waters. For example, 

blooms were located in close proximity to coastal waters 

associated with river discharges from Charlott e Harbor, 

FL (in 1998 and 1999) and northwest Florida (1999). 

Coastal fronts appeared to exist in locations where K. 
brevis abundance was greatest, suggesting that physical 

convergence fi elds may be esp ecially important in in-

creasing overall cell numbers. Terrestrial river fl ow may 

provide a secondary source of nitrogen (in the form of 

ammonia and/or dissolved organic nitrogen) and phos-

phorus, which fuels the K. brevis blooms. Again, develop-

ing a robust capability to continuously map meandering 

river plumes over a time scale of a month is diffi  cult using 

traditional shipboard sampling strategies. 
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To increase our understanding of the K. brevis problem, 

we need spatially coherent data to map the evolving 

structures over time. If the data are not spatially coher-

ent, the spatial gradients for the dynamical balances can-

not be resolved. Moored and fi xed platforms will provide 

independent time series allowing the scientist to ask 

“what” happened, but they will not provide the data nec-

essary to answer “why” it happened. It is clear that a com-

bination of autonomous and Lagrangian platforms will be 

required to address this important scientifi c issue. 
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To make further progress on the K. brevis problem, obser-

vations need to be nest ed. Off shore measurements are re-

quired over temporal scales of at least a month, and over 

spatial scales of hundreds of kilometers. Nearshore, high-

resolution spatial (meters) and temporal (hours) maps are 

required to defi ne the physical and biological mechanisms 

associated with frontal boundaries and river plumes in 

coastal waters. Ideally, these observing platforms should 

be able to eff ectively cross frontal boundaries to pro-

vide high-resolution physical, chemical, and biological 

data. Moorings provide time series but do not provide 

the required spatial data. Drift ers provide a Lagrangian 

persp ective, ideal data for charact erizing the temporal 

evolution of a feature within a water mass, but lack con-

trol when cross-frontal data are required. Autonomous 

vehicles provide the spatial/temporal data required for 

documenting the factors associated with K. brevis bloom 

dynamics across hydrographic gradients. Long-duration 

gliders and drift ers are ideally suited for sampling this 

problem, and the sensor suites for optical properties and 

fl uorescence are rapidly maturing (e.g., Figure 18).

Figure 18. Th e Ecology of Harmful Algal Blooms (Eco-

HAB) program site on the West Florida Shelf provided a 

perfect setting for fi eld trials of Slocum gliders to evaluate 

their ability to detect and monitor harmful algal blooms 

during Operation Gulfcast (January 12 – 16, 2003). Based 

out of Mote Marine Laboratory in Sarasota, FL, a team of 

Rutgers University and Mote Marine Laboratory scientists 

conducted daily glider deployments on a historical EcoHAB 

transect line during a red tide event. Th e gliders mapped 

physical and optical features over a 3.5 – 5 km transect and 

transmitted real-time data back to the R/V Eugenie Clark, 

where the information was immediately processed and dis-

played (left). Data showed that a storm event altered local 

hydrography, currents, and in situ particle loads. 
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Introduction
Mary Jane Perry, University of Maine

UNDERSTANDING
MARINE FOOD WEBS

In science as in life, persp ective is everything. Nets and 

sampling bott les have been mainstays of plankton and 

nekton sampling from the inception of biological ocean-

ography. Th e picture that they have painted in space is 

decidedly sparse. It has been a struggle on the time axis to 

provide a moving picture more highly resolved than sea-

sonal or diurnal. Th e bane of sampling design and imple-

mentation in ecosystem and food-web ecology is the rare 

but signifi cant event. Most rare events are missed with 

traditional sampling. As discussed in the case study on p. 

37, the role of unpredictable events in infl uencing plank-

tonic community processes is recognized, but diffi  cult to 

quantify.

Traditional sampling has infl uenced food-web persp ec-

tives in more subtle ways. Th e diversity of plankton 

organisms can readily be seen with new imaging sys-

tems such as the Video Plankton Recorder (Figure 19). 

Automated image analysis of video images can provide 

information on sp ecies abundance more rapidly than 

traditional analysis. Nets oft en damage fragile organisms 

during collection. Gelatinous zooplankton, for example, 

were usually discarded from net hauls because they not 

only preserved poorly but also “slimed” their bett er-pre-

serving net-mates and made them hard to identify. 

Satellite remote sensing has added a large-scale, rapidly 

updated context for point samples, and towed optical 

sensors have fi lled in missing information in the depth 

dimension. Although the satellite context is invaluable, its 

scale is far removed from the scale of individual interac-

tions that defi ne food webs and constitute the fl ows along 

them. Tow tracks are usually designed to limit aliasing 

that confounds temporal and spatial variability. 

Autonomous vehicles and drift ers mark both dramatic 

and subtle shift s in persp ective. Lagrangian fl oats are 

planktonic, and AUVs and gliders are nektonic by the 

usual scaling of ambient horizontal velocity of currents 

to propulsion velocity. Constraints on sampling by these 

instruments parallel similar constraints in plankton and 

nekton themselves (see case study on p. 39). Simply work-

ing with data records that might have been gathered 

by att aching sensors to planktonic or nektonic animals 

will give greater understanding of the constraints under 

which such animals operate. 

More subtly, ecological interpretation of data records 

from fl oats, gliders, and AUVs must deal with the same 

issue of encounter rate faced by submarines searching for 

targets or animals searching for food. Interpretations and 

predictions of optimal behavior in both cases hinge on 

underlying models. Synergies can be expected between 

the evolution of modern resource-patch models and in-

terpretation of data records from platforms that are not 

truly Lagrangian but follow motions choreographed by 

the investigator. Foragers maximizing their resp ective 

rates of gain are predicted and found to sp end more time 

in high-density patches of resources. Particular turning 

rules are eff ective in keeping hungry foragers in patches 

(Grünbaum, 1998), and particular movement rules of 

a glider or AUV will serve a data-hungry instrument. 
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Patches are only available to be utilized by a forager or 

sampled by a platform if travel time to reach them is 

shorter than the longevity of the patch (Grünbaum, 

2002). Th is simple but powerful conclusion goes a long 

way toward explaining food-web connections, i.e., which 

patches of which sp ecies can be accessed by a forager with 

particular movement rules. Conversely, analogous models 

will reveal the patch dynamics that are available to in-

struments traveling in particular ways. Patch growth and 

demise are virtually impossible to charact erize from ship. 

Study of these critical ecological phenomena will benefi t 

immensely from the new technologies.

Figure 19. New imaging systems such as the Video Plankton Recorder 

(VPR), ZOOVIS, and SIPPER are capable of documenting the distributions 

of meso- and macro-planktonic organisms with spatially coregistered 

environmental data on fi ne scales. Th ese VPR images illustrate just some 

of the diversity of zooplankton present in the Gulf of Maine. Spatially 

explicit data on the distributions of predators, competitors, prey, and 

hydrography are an essential precursor for deciphering the complex 

interactions that occur within planktonic communities. Image courtesy 

of Mark Benfi eld, Louisiana State University.

Consumers as well as their resources aggregate. As 

groups of AUVs or gliders operate together, they will face 

similar problems and synergies as do schooling animals. 

Ambient water motions may either enhance or hinder 

the schooling behavior (Flierl et al., 1999), and self-orga-

nization emerges from simple rules (Parrish et al., 2002). 

Developing algorithms for coordinating AUVs or gliders 

will again transfer intuition both to and from the analysis 

of schooling foragers. We are learning to swim with the 

sharks and fl oat with the plankton.
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Understanding Planktonic Ecosystems
Mark C. Benfi eld, Louisiana State University and Timothy J. Cowles, Oregon State University

CASE STUDY

Planktonic components of marine communities are criti-

cally important. Th ese taxonomically diverse groups 

(Figure 19) mediate biogeochemical cycling and carbon 

fl ux, and have a strong infl uence on the population dy-

namics of higher trophic levels, including those that are 

fi shed. Although the importance of planktonic com-

munities is well accepted, understanding of the physi-

cal, chemical, and biological conditions that regulate the 

distribution and abundance of planktonic biomass is 

limited, and litt le information exists on the in situ growth 

and mortality rates of the populations of organisms that 

constitute that biomass. To understand the processes that 

regulate the distributions, abundances, and rates within 

planktonic assemblages requires knowledge of the “eco-

system rules.”

Determining ecosystem rules is particularly diffi  cult in 

planktonic communities. In a recent review, McCarthy et 

al. (2002) emphasized that, “We do not yet know which 

are the dominant processes and which are the scales of in-

teract ion that give rise to any particular confi guration of a 

marine ecosystem and its environment.” Th ey viewed this 

ignorance as a central problem in contemporary, inter-

disciplinary ocean science. Planktonic communities have 

a strong infl uence on the confi guration of marine ecosys-

tems yet they operate in a Lagrangian framework on time 

(seconds to days) and space (centimeters to hundreds of 

kilometers) scales that are diffi  cult to document. To truly 

understand how planktonic systems function, requires an 

extended Lagrangian presence in these communities. Th is 

presence must provide observations and measurements 

of biology, chemistry, and physics on the time and space 

scales that are important to planktonic organisms.

Much of the current knowledge of planktonic systems 

has come from isolated samples collected by ships, towed 

systems, or from laboratory experiments. Ocean-observ-

ing systems have also provided new insights albeit from 

an Eulerian framework. Sampling from point platforms 

is limited to brief periods when vessels and working con-

ditions are favorable. Th ere is an increasing recognition 

that periodic energetic events, particularly those that in-

troduce new nutrients into the mixed layer and euphotic 

zone, can have profound infl uence on the composition of 

planktonic communities and their concomitant biogeo-

chemical processes. Such events are diffi  cult to predict 

and frequently occur at times when sea states limit ob-

servational abilities. We need to supplement shipborne 

studies with a continuous monitoring presence among 

the plankton.

New sensors and platforms make an extended obser-

vational presence in the plankton feasible and cost-ef-

fective. Autonomous Lagrangian platforms are the only 

tools that can provide an observational time-series of 

phytoplankton and zooplankton act ivities (e.g., growth, 

sp ecies succession, behavior, grazing, molting, mating, 

predation) within defi ned parcels of water. Eulerian sam-

pling of water parcels provides only “snapshots” in time 

and space, and requires the assumption that the Eulerian 

observations are representative of the “mean” condition. 

Moreover, quasi-synoptic sampling of a local domain 

(e.g., 10 x 10 km) is feasible and cost eff ective with a pod 

of autonomous vehicles—thus permitt ing a bett er under-

standing of spatial scales of coherence of planktonic dis-

tribution patt erns. Observations will be coupled in both 

time and space on the spatial scales that are important. 

For example, we will be able to measure changes in nutri-

ent concentrations in conjunction with changes in fl uo-

rescence and phytoplankton abundance. Avoidance arti-

facts associated with behavioral responses to the sampling 

platform will be reduced.
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Figure 20. AUVs are already carrying imaging systems to quantify planktonic communities. Upper Left: Florida Atlantic 

University’s Ocean Explorer AUV equipped with the SIPPER imaging system developed by the University of South Florida (Photo 

courtesy of Chad Lembke). Lower Left: a lobate ctenophore imaged by SIPPER (Image courtesy of Andrew Remsen). Upper 

Right: Deployment of the Woods Hole Oceanographic Institution’s REMUS AUV equipped with a Video Plankton Recorder 

(VPR) (Photo courtesy of Cabell Davis). Lower Right: Examples of planktonic copepods, marine snow, and a diatom imaged by 

the VPR on REMUS. Wavelet compression produces small fi les that can still be correctly classifi ed using automated recognition 

software (Images courtesy of Cabell Davis).

Lagrangian platforms open a broad range of potential 

research avenues. Th ey include time-series sampling for 

phytoplankton and zooplankton biomass through the 

monitoring of changes in bio-optical and bio-acoustical 

properties (including sp ectra for both) permitt ing resolu-

tion of intermitt ent events and the ecological responses 

to such events. Lagrangian observations on relevant scales 

(centimeters to hundreds of meters) within the mixed 

layer are an exciting possibility. Th ese observations likely 

need to be nest ed within larger contexts (kilometers), 

complementing point observations from ships, limited 

3-dimensional observations from towed platforms, and 

essentially 2-dimensional synoptic observations from sat-

ellites, aircraft , and acoustics. ALPS systems can provide 

4D (x, y, z, time) observations of processes, distributions, 

and abundances over extended periods. ALPS systems 

could also benefi t from repeated passes of moored sensor 

systems, or through a domain that is well resolved by re-

mote-sensing systems. Finally, the community’s capability 

to run assimilative models in real- or near-real-time us-

ing telemetry from oceanographic sensors has advanced. 

Coupled biological-physical models based on improved 

ocean circulation models have the potential to provide 

insights into processes that cannot be easily measured. 

Such models will require sea truth and reparameteriza-

tion from ALPS data.

To make optimal use of autonomous Lagrangian plat-

forms, sensor miniaturization, particularly of optical 

sensors, is required. Th ere are also needs for: more ef-

fi cient and powerful energy storage systems; incorpora-

tion of other sensors (e.g., electromechanical sensors) into 

pumped sensor streams to protect systems from fouling; 

and systems based on micro- and nano-technology capa-

ble of detecting the signatures of biomarkers left  behind 

by living organisms. Improved technologies for maintain-

ing neutral buoyancy by sensor packages are essential for 

development of discrete sampling systems that can re-

peatedly sample within narrow depth ranges.
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CASE STUDY

Days in the Lives of Fishes
Mark C. Benfi eld, Louisiana State University

Mobile marine organisms such as pelagic fi shes, cepha-

lopods, and Antarctic krill make up a large proportion 

of global fi sheries landings. Most commercially fi shed 

stocks are at, or beyond, maximum sustainable levels of 

exploitation. Moreover, recent data suggest that fi sher-

ies for large, predatory sp ecies have dramatically reduced 

the abundances of these highly mobile taxa (Meyers and 

Worm, 2003). New and innovative observing platforms 

are needed that will permit study of mobile nekton in 

their habitat, while they are moving, and over extended 

periods. Such data are essential for eff ective management 

of these stocks.

Study of this mobile nekton poses unique challenges. 

Many sp ecies, such as tunas, migrate over long distances, 

developmentally as well as seasonally. Fish and other nek-

ton interact with their environments on a wide variety of 

time scales, ranging from seconds and minutes (e.g., pred-

ator-prey interact ions), hours (e.g., diel vertical migration, 

schooling and disp ersal), days (e.g., spawning aggrega-

tions), to weeks and months (e.g., feeding and spawning 

migrations). Th e mobility of these organisms permits 

them to operate on space scales that range from tens to 

hundreds of meters (school dimensions) through kilo-

meters (daily movements) and hundreds to thousands 

of kilometers (annual movements). In addition, these 

animals possess highly developed sensory systems that 

allow them to detect and avoid most sampling systems. 

Hydroacoustic techniques have been used to census fi sh 

schools, but the information that such techniques provide 

is generally qualitative and may be biased by avoidance 

of survey vessels and failure to resolve mixed sp ecies and 

size classes. 

Figure 21. Studying the ecology of 

highly migratory pelagic fi shes such as 

these tunas poses unique challenges 

for biological oceanographers. Th eir 

mobility requires platforms that are 

capable of keeping up with the fi sh 

during their daily movements without 

altering their behavior. Rapid AUVs 

capable of high endurance may soon 

be able to follow fi sh marked with 

acoustic tags. Image courtesy of the 

NOAA Photo Library, Photo Credit: 

Danilo Cedrone.
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Predictions of standing stock, reproductive success, and 

survivorship could be improved with more information 

about how these mobile organisms interact with their 

environments, including how and where they sp end their 

time and what cues they exploit to fi nd food and mates 

and to avoid predators. Obtaining this information re-

quires means of studying their act ivities and migrations 

that are non-invasive and capable of surveying their en-

vironments on time and space scales relevant to their 

ambits. AUVs and new tagging technologies off er means 

to accomplish these objectives. Deployment of groups of 

AUVs in the vicinity of fi sh schools containing acoustical-

ly tagged individuals would allow tracking of movements 

and behaviors of pelagic fi shes while documenting their 

biological and physical ambits. AUVs have the potential 

to follow fi sh schools, particularly when individuals with-

in the school have been tagged with act ive or transpond-

ing tags. When the data stream produced by the tags in-

cludes depth information and the AUVs have an estimate 

of their positions, it will be possible for them to follow 

schools while measuring environmental charact eristics 

within the depth stratum favored by the school. Th ough 

it is unlikely that AUVs could keep up with rapid swim-

mers such as the Atlantic bluefi n tuna, drift ers equipped 

with GPS and hydrophones could be seeded along likely 

migratory routes to provide a record of the times and 

locations that tagged individuals were detected. High-

sp eed, surface, snorkeling vehicles or submersible AUVs 

capable of increased endurance (e.g., Ferguson et al. 1999) 

will likely produce a generation of systems that are capa-

ble of keeping up with rapidly swimming fi shes. 

AUVs equipped with scientifi c echosounders could 

perform acoustic surveys of fi sh schools while restrict-

ing avoidance of the survey platform by its targets (see 

Autosub case study on p. 45). Multibeam acoustic sys-

tems are emerging as a potentially valuable tool in fi sher-

ies and zooplankton ecology. AUVs have already been 

equipped with multibeam echosounders (George et al. 

2002). Properly calibrated multibeam systems capable of 

recording water-column backscatt ering intensity could 

undertake stealthy volumetric fi sh stock and distribu-

tion assessments. Migrations through the open ocean or 

within coastal boundary currents could be mapped using 

drift ers equipped to listen for implanted acoustic tags. 

Combination of ALPS with more conventional platforms 

(ships) and emerging technologies (such as lidars) to lo-

cate pelagic fi sh schools (Brown et al. 2002), will vastly 

improve ability to quantify and understand nektonic or-

ganisms.

To make further progress on this problem, requires: pro-

pulsion and energy storage systems that improve AUV 

sp eed and endurance; technologies to reduce hydrody-

namic and propulsive noise; smaller, internally recording 

echosounders operating at multiple acoustical frequen-

cies; higher-bandwidth and more powerful acoustic mo-

dems for data transfer among AUVs and between AUVs 

and other platforms; artifi cially intelligent control soft -

ware to improve tracking capabilities for rapidly mov-

ing targets; and improved and smaller implantable tags 

to telemeter physiological and environmental data from 

fi shes.

References

Brown, E.D., J.H. Churnside, R.L. Collins, T. Veenstra, J.J. Wilson, and 

K. Abnett , 2002, Remote sensing of capelin and other biological 

features in the North Pacifi c using lidar and video technology, ICES 

J. Mar. Sci., 59, 1120-1130.

Ferguson, J., A. Pope, B. Butler, and R. Verrall, 1999, Th eseus AUV - 

Two record breaking missions, Sea Technology, 40, 65-70.

Meyers, R.A. and B. Worm, 2003, Rapid worldwide depletion of preda-

tory fi sh communities, Nature, 423, 280.

George, R.A., L. Gee, A.W. Hill, J.A. Th omson and P. Jeanjean, 2002, 

High-resolution AUV Surveys of the Eastern Sigsbee Escarpment, 

Proceedings of the 2002 Off shore Technology Conference, Houston, 

Texas, 6–9 May 2002, OTC 14139, pp. 1-12.



41

Th e high-latitude oceans serve as freshwater sources and 

heat sinks for the global thermohaline circulation, exert-

ing signifi cant infl uence on ocean general circulation and 

climate variability. Warm surface fl ows carry heat toward 

the poles where intense heat loss to the atmosphere drives 

densifi cation and produces an equatorward return fl ow of 

intermediate and bott om waters. Th is exchange est ablish-

es the meridional overturning circulation (MOC) which, 

when combined with the inter-basin exchange permitt ed 

by the zonally unbounded Southern Ocean geometry, 

supports the global thermohaline circulation. High-lati-

tude convection thus ventilates the many mid- and low-

latitude density layers that outcrop in the polar/subpolar 

oceans, sett ing subsurface density structure and removing 

carbon to the ocean interior. 

In contrast, net precipitation in the polar regions produc-

es an equatorward freshwater fl ux that is largely confi ned 

to the upper ocean. Freshwaters exiting the Arctic can 

form a low-density surface barrier that inhibits convec-

tive overturning at the deep water formation sites in the 

Labrador and Greenland Seas, modulating the strength of 

the MOC and thus the exchange of heat from equator to 

pole. Th e high-latitude freshwater balance plays addition-

al roles in the climate system. For example, the combina-

tion of Arctic riverine discharge and brine rejection dur-

ing sea ice formation generates a strong halocline which 

insulates the ice from the warmer waters below. Processes 

that impact high-latitude heat and salt balances (and 

thus circulation) exert strong infl uences on global climate 

through this series of connections and feedbacks.

Geographic remoteness, severe operating conditions, 

and issues associated with ice cover have hindered high-

latitude measurement eff orts and thus limited our un-

derstanding of polar and subpolar regions. Icebreakers, 

aircraft , and occasionally submarines provide access for 

hydrographic and mooring programs, but are costly and 

unable to operate in many areas of interest. Th e presence 

of permanent or seasonal ice cover makes year-round 

time series extremely diffi  cult to obtain. Th ere are rela-

tively few ice-capable ships, and these cannot readily ac-

cess diffi  cult regions such as the Canadian Basin. Weather 

and available daylight restrict aircraft  operations to nar-

row time windows. Likewise, though many critical pro-

cesses occur in the upper ocean, the threat posed by over-

head ice prevents moored instruments from sampling 

the region directly below the ice bott om. Th e resulting 

paucity of data has left  many broad, fundamental ques-

tions unanswered and places some asp ects of polar ocean-

ography on an exploratory footing reminiscent of earlier 

periods of lower latitude science. Important outstanding 

issues include:

Introduction
Craig M. Lee, Applied Physics Laboratory, University of Washington

HIGHLATITUDE
SCIENCE ISSUES

ALPS technologies off er critical paths for extending observational capabilities 

to regions subject to seasonal or permanent ice cover. 
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• Mapping the hydrography, pathways, and inter-basin 

connections that charact erize Arctic regional circula-

tion.

• Exploring the dynamics and variability of the Arctic 

Ocean boundary current, which carries Pacifi c water 

through to the Atlantic and transports heat from the 

Atlantic into the basin interior.

• Understanding freshwater exchange with the Arctic 

and its response to decadal-scale climate fl uctuations.

• Quantifying ice draft  variability and the role of ice in 

the freshwater balance.

• Investigating the processes governing circulation and 

watermass transformation beneath Antarctic ice 

shelves and along Arctic and Antarctic ice margins.

• Understanding the dynamics that govern circulation 

over broad, shallow Arctic shelves and the processes 

that drive exchange with the adjoining basins.

Eff orts to address these issues might range from the in-

tensive, short-duration process studies (time scales of 

hours/days and spatial resolutions < 1 km) required to 

quantify the fi ne-scale dynamics governing watermass 

transformation to long-term (years to decades) basin-

scale programs aimed at understanding the response of 

freshwater exchange to climate variations.

Application of developing ALPS technologies could 

ease many of the cost and accessibility issues that cur-

rently hinder high-latitude measurement programs. 

Autonomous fl oats have been successfully employed 

in studies of deep water formation in the Labrador Sea 

(Lavender and Davis, 2002; Steff en and D’Asaro, 2002) 

and exchange across the Antarctic Circumpolar Current 

(Gille, 2003), providing an extensive set of measurements 

that would have been impossible to obtain using combi-

nations of ship-based surveys and moorings. Th ese de-

ployments illustrate the use of ALPS technologies to col-

lect measurements over extended time periods (2 years 

or longer) in remote, operationally diffi  cult (though not 

inaccessible) locations.

ALPS technologies off er critical paths for extending ob-

servational capabilities to regions subject to seasonal or 

permanent ice cover. Quasi-synoptic survey capability, 

similar to that used in investigations of mesoscale and 

fi ne-scale dynamics in ice-free regions, would facilitate 

many important process studies. A growing class of pow-

ered AUVs (e.g., Autosub, Bluefi n Odyssey and the Atlantic 

Layer Tracking Experiment (ALTEX) vehicle) promises 

the ability to conduct limited-duration surveys (hours 

to days) beneath the ice. Th e Lead Experiment (Morison 

Figure 22. An opening in the sea ice cover 

(lead) results in strong spatial variation of 

the surface fl uxes of salt, heat, and mo-

mentum. Th e Autonomous Micro-conduc-

tivity and Temperature Vehicle (AMTV) 

was developed to study spatial variability 

by obtaining horizontal sections of mean 

and turbulent quantities under open 

water, thin ice, and thick ice. Th e AMTV 

is based on an early version of the REMUS 

vehicle to which rapid-response ocean sen-

sors, upward-looking sonar (for ice draft 

measurement), and an inertial motion 

sensing unit were added. Th e AMTV was 

used in a study of summer leads during 

the Surface Heat Budget of Th e Arctic 

Ocean (SHEBA) experiment in 1998. Figure 

courtesy of James Morison, APL/University 

of Washington and Dan Hayes, British 

Antarctic Survey. 
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and McPhee, 1998) and the Surface Heat Budget of the 

Arctic Ocean program (Hayes and Morison, 2002) pro-

vide pioneering illustrations of how AUVs might be used 

to conduct process studies beneath the ice (Figure 22). 

Th ese vehicles execute preprogrammed patt erns, profi l-

ing in the vertical, following the underside of the ice, or 

tracking a sp ecifi c property surface. Inertial navigation 

can be employed for short-range missions, eliminating 

the need to deploy a separate array of navigation beacons. 

Th ough range-limited (typically < 100 km), these plat-

forms off er unprecedented access to the ice shelf bound-

aries and could be employed in studies of shelf dynam-

ics, watermass transformation processes, and shelf-open 

basin exchange. Th e vehicles could also be carried into 

basin interiors to access regions far beyond the ice edge. 

Because these operations require ships, an eff ective strat-

egy might be to combine ship-based surveys with AUV 

deployments, using the AUVs to provide three-dimen-

sional context and extend observational “reach” to the 

underside of the ice. Th e Autonomous Polar Geophysical 

Explorer (APOGEE) project illustrates another AUV-

based strategy for providing access to ice-covered regions. 

Th is vehicle will land an ocean bott om seismometer on 

the Nansen-Gakkel Ridge where it will winter over, re-

turning to meet a recovery vessel the following year.

Adaptations of extended-endurance platforms such as 

autonomous gliders (Eriksen et al., 2001; Sherman et 

al., 2001), profi ling fl oats (Davis et al., 2001), and heav-

ily instrumented Lagrangian fl oats (D’Asaro, 2003) off er 

promising avenues for leveraging ALPS technologies to 

access ice-covered regions. Relatively low cost and long 

mission durations (months to years) make these plat-

forms ideal for circulation studies and long-term moni-

toring eff orts. Begun in 1979, the International Arctic 

Buoy Program (IABP) provides an early example of 

drift er technology applied to long-term monitoring of 

ice-covered environments. Buoys mounted on the ice 

surface drift  with the ice while providing near-real-time 

measurements of position (and thus ice motion), surface 

pressure, and air temperature. Gliders can also hold sta-

tion (act ing as profi ling moorings) or transit between pre-

scribed way points, executing tightly spaced (kilometers) 

profi les along the route. Signifi cantly, this class of plat-

forms can periodically profi le upward to the ice bott om 

while sp ending the balance of their time deep enough to 

be protected from collisions. Typically, these platforms 

navigate using GPS and employ satellite telemetry (e.g., 

ARGOS, Iridium, and ORBCOM) to exchange data and 

instructions with shore-side command centers, mak-

ing them highly dependent on surface access. Eff orts are 

currently underway to integrate RAFOS navigation into 

gliders and fl oats, which will enable them to determine 

their position by triangulating from an array of moored 

sound sources. High-latitude salinity stratifi cation cre-

ates a surface sound channel that forces rays to refl ect off  

the ice bott om, producing large transmission losses that 

depend on ice bott om roughness and water depth. When 

operating beneath the ice, RAFOS frequency (260 Hz) 

sources achieve ranges of only 150-300 km (Jin et al., 

1994; Manley et al., 1989), an order of magnitude poorer 

than typical mid-latitude performance. Th ese relatively 

short ranges place pract ical limitations on the size of 

the ensonifi ed region. A modest number of sources can 

provide navigation for regions spanning several hundred 

kilometers, facilitating studies of straits, ice shelves, and 

select regions of major basins. Large-scale circulation 

studies and trans-Arctic sections would require either an 

extensive network of sources or an alternative technology. 

Although RAFOS navigation eliminates the need to sur-

face, it does not address telemetry issues. Under-ice de-

ployments thus require a high degree of vehicle autonomy 

and depend on post-mission interrogation via satellite 

(upon encountering open water) or physical recovery to 

access the data stored aboard. Ice-capable fl oats and glid-

ers can also be used in tandem with conventional moor-

ings and ship-based operations to provide complementa-

ry measurements. Consider, for example, the monitoring 

of an ice-covered strait. A moored array could provide 

Upward Looking Sonar (ULS) and Acoustic Doppler 

Current Profi ler (ADCP) measurements for estimating 

ice draft , ice velocity, and upper ocean currents. Gliders 

could contribute high-resolution spatial coverage, collect-

ing profi les of physical, optical, and (eventually) biogeo-
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chemical variables that extend upward to within a few 

meters of the ice bott om. Th e combined system would 

provide year-round charact erization of liquid and ice 

fl uxes that would be impossible to obtain using a single 

platform.

Th e many unresolved high-latitude science issues sug-

gest future development paths for ALPS technologies. 

Operation of powered AUVs and gliders in ice-covered 

regions requires robust autonomy, esp ecially for extended 

missions that are subject to a wide range of environmen-

tal conditions. Designing and implementing appropriate 

behavior is a diffi  cult, ongoing task. Development of a 

basin-scale navigation system for under-ice operations 

would dramatically improve the utility of AUVs, gliders, 

and fl oats. Such a system would facilitate extensive fl oat/

glider eff orts, which could effi  ciently charact erize basin-

scale circulation. Th e availability of data telemetry during 

under-ice operations would dramatically reduce experi-

mental risk, as platform loss would no longer be syn-

onymous with catastrophic data loss. Th e ALTEX AUV 

employs data capsules designed to melt through overhead 

ice to gain access to the surface, though alternative ap-

proaches might include periodic transfer to moored data 

depots or to other vehicles. Current platforms impose 

strong restrictions on payload size and power consump-

tion, severely limiting the selection of acceptable sensors. 

Simultaneous development of new sensor technologies, 

esp ecially for biogeochemical properties, and of vehicles 

with enhanced endurance and payload capability, would 

facilitate interdisciplinary observational eff orts. Ideally, 

biological and chemical measurements would be con-

ducted with the same spatial and temporal resolution as 

the simpler physical (e.g., temperature and conductivity) 

measurements. Careful att ention must be paid to issues of 

size and power consumption when developing sensors for 

autonomous platforms. Shallow, high-latitude shelves re-

main resistant to measurement eff orts. Ice scouring poses 

a serious threat to bott om-mounted instrumentation 

while the region between the ice and the seabed is oft en 

too narrow to permit AUV, fl oat, or glider operations. 

Th e instrumenting of shallow, ice-covered shelves pres-

ents a diffi  cult challenge that will likely require a combi-

nation of conventional (trawl-resistant bott om landers) 

and ALPS technologies. System designs may need to be 

capable of tolerating signifi cant losses while still providing 

useful data return.
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Information on the Web

MARVOR fl oats (PALACE fl oats with RAFOS receivers): 

 www.ifremer.fr/dtmsi/produits/marvor/marvor.htm

APOGEE

 www.whoi.edu/science/PO/arcticgroup/projects/apogee.html

AUTOSUB

 www.soc.soton.ac.uk/SOES/MSC/OC/CEO/aui/aui.html
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When the UK Natural Environment Research Council 

(NERC) began its support for the Autosub program back 

in 1989 it was clear that one of the key science areas that 

would benefi t enormously through the use of an AUV 

was polar oceanography. It is to the credit of polar ocean-

ographers that they kept faith for over a decade while the 

engineers developed the vehicle, as Autosub’s fi rst under-

ice missions did not take place until 2001. When working 

together—engineers, scientists, and funding agencies—a 

collective vision can drive marine science forward.

Within NERC’s Autosub Science Missions thematic 

program (1998-2001), Drs. Brierley, Fernandes, and 

Brandon’s USIPS project combined studies of pelagic fi sh-

eries in the North Sea (Fernandes et al., 2000a,b, Brierley 

and Fernandes, 2001) with studies of krill (Euphausia su-
perba) distribution and sea-ice thickness in the Weddell 

Sea (Brierley at al., 2002, 2003). While this combination 

might seem strange, it made excellent sense in that the 

key observations for the three studies were to be made 

with one instrument—the EK500 scientifi c echo sounder. 

Th us, the risk of failure due to sensor problems during the 

Antarctic campaign would be reduced through prior ex-

perience in the North Sea. 

Th is strategy worked well. Brierley et al. used the Autosub 

to test the null hypothesis that there was no diff erence in 

the distribution of krill in open water and under sea ice. 

Th e vehicle made the observations with its upward-look-

ing EK500 sounder at 38 and 120 kHz by cruising at a 

typical depth of 150 m from north of the ice edge, under 

the marginal ice zone and beneath more consolidated 

pack ice for 20-25 km (maximum penetration 27 km in to 

the ice covered zone) before returning to open water for 

recovery (Figure 23). In the meantime, on the RRS James 
Clark Ross, an identical sounder was used to make obser-

vations of krill distribution on reciprocal tracks in open 

water. Seven such missions were carried out to est ablish 

the degree of confi dence in the observations. Th e results 

were clear—in a band from 1 to 13 km from the ice edge, 

the under-sea ice krill population was over fi ve times that 

in open water (Brierley et al., 2002). 

While gathering krill echo information from the wa-

ter column, the sounder also measured the travel time 

(distance) to the under side of the sea surface or sea ice. 

When combined with the pressure sensor data for vehicle 

depth, this enabled Brandon to estimates sea ice draft , 

hence thickness. Observations of ice draft  from over 250 

km under sea ice are currently being studied. 

Th e successful outcomes of the USIPS project under 

sea ice were an important factor in NERC’s decision to 

fund a subsequent thematic program—Autosub Under 

Ice (AUI). AUI (2002-2006) has as its focus multidisci-

plinary studies under fl oating ice shelves in Antarctica 

and Greenland. Here, the ice is not meters thick and 

discontinuous, as sea ice, but hundreds of meters thick 

and continuous, being the fl oating parts of continental 

ice sheets. Th e AUI program aims to study, inter alia: 

water mass properties, melting, and refreezing; seabed 

morphology; the stratigraphy of the upper sediments; the 

morphology of the underside of the ice shelf; the distribu-

tion of macrobenthos and the relationships between ice 

shelf, polynya, and sea ice. Th e program comprises three 

CASE STUDY

Observing Under the Ice with the 
Autosub AUV 
Gwyn Griffi  ths, Southampton Oceanography Centre, UK
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expeditions: to Pine Island Bay Glacier, Amundsen Sea in 

March 2003, eastern Greenland in boreal summer 2004, 

and the Filchner-Ronne ice shelf in February 2005.

Th e fi rst expedition to Pine Island Bay Glacier brought 

mixed fortunes. Technical diffi  culties with the vehicle, 

including intract able connector problems, meant that the 

vehicle was not allowed, under its risk assessment, to dive 

deep enough to penetrate the ice shelf cavity. In parallel, 

ice conditions, and the lateness of the season, would have 

made access to the front of the ice shelf hazardous and 

the retreat even more so. Consequently, Autosub observa-

tions were confi ned to under-sea ice studies, over some 

200 km of track, while the ship carried out CTD and 

swath bathymetry surveys in support of the more general 

science objectives of the parties.

Future under ice missions for Autosub, beyond AUI, 

would benefi t from new developments in sensors includ-

ing rapid response, in situ chemical analyzers for nutri-

ents, swath acoustic sounders for 3-dimensional water 

column acoustic backscatt er charact erization, and range-

gated underwater lidar for fl uorescence profi le measure-

ments and for estimating phytoplankton on the underside 

of sea ice. 
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Figure 23. An echogram from the 38 kHz 

Simrad EK500 upward-looking echo sounder 

installed on Autosub for a cruise in February 

2001. Th e vehicle was travelling at a depth 

of 150 m. Th e color scale represents echo 

intensity, where the patches in mid water 

were due to swarms of krill. Th e black trace 

represents echoes from the underside of 

the sea ice, from which ice draft can be esti-

mated. For the Autosub Under Ice program, 

the Autosub instrument suite was expanded 

to include: (1) 200 kHz swath bathymetry 

(EM2000); (2) chirp sub-bottom profi ler 

(Edgetech); (3) 150 kHz downward-look-

ing ADCP for navigation and longer range 

current profi les (RDI workhorse navigator); 

(4) fi ber-optic gyrocompass for precision 

heading at high latitudes; (5) still camera 

and lighting for seabed photography; and (6) 

water sampler for 50 samples (Envirotech).
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Th e ocean is very large compared to our ability to sample 

it. Accordingly, most routine oceanographic sampling 

att empts to cover wide areas with a limited number of 

measurements spread widely in space and time. For ex-

ample, the WOCE hydrographic survey criss-crossed 

the world ocean with section lines. Along each line a ship 

made measurements roughly every 50 km. Th e survey 

was planned years in advance and took about ten years 

to complete. Th e Argo program (see case study on p. 

18) att empts to improve upon this by deploying thou-

sands of autonomous fl oats across the world ocean. Th e 

average fl oat spacing will still be roughly 300 km and 

measurements will be taken only once every ten days. 

Oceanographic measurements are, of course, not con-

fi ned to sampling these large scales alone. Scientists com-

monly address much smaller scales, typically with inten-

sive ship surveys or with arrays of moored instruments. 

However, these campaigns are almost always planned far 

in advance with the exact time of sampling strongly infl u-

enced by administrative and logistical concerns. Satellite 

remote sensing can sample a large range of scales globally, 

but can only sample the ocean surface.

Many important oceanic phenomena can slip through 

this sampling net. For example, hurricanes have a large 

eff ect on the upper ocean (Price, 1981) and continental 

shelf (Chang and Dickey, 2001), both physically and eco-

logically. Th ey typically aff ect ocean areas several 100 km 

across, and last about a day. Blooms of harmful algae can 

develop off shore and be rapidly carried onshore by ocean 

currents with dramatic eff ects on harvest able shellfi sh 

and other nearshore organisms. Th e blooms are oft en 

only kilometers in size, can reside kilometers to tens of 

kilometers off shore and can move onshore in a few days. 

Th e Weddell polynya (Figure 24) was a large hole in the 

wintertime Antarctic ice cover that persisted for three 

years (1974-1976). At its largest, it measured 350 km by 

1000 km. Th is was a major climatic event, destroying the 

local ocean stratifi cation and cooling the ocean to 3000 m 

depth. No measurements were made within the polynya. 

Although we do not know how the polynya was formed, 

it is clear that the ocean must have played a large role in 

melting the sea ice and keeping it from refreezing.

ALPS technologies are particularly well suited to sam-

pling these transient events. Hurricanes are diffi  cult to 

sample from ships, both because they cannot safely op-

erate and because the rigid schedules of research ships 

cannot easily adapt to the unpredictable occurrence of 

hurricanes. Th e likelihood of a fi xed mooring sampling 

a hurricane in any given year is low. In contrast, nearly 

150 measurements of hurricane passage have been made 

by the Atlantic Argo fl oat array from 1997 to 2001. Th e 

probability of a given fl oat sampling a storm is still low, 

but the large number of fl oats allowed these infrequent 

events to be sampled many times. Air-deployment of 

fl oats and drift ers into hurricanes is an eff ective sampling 

technique (see case study on p. 49). ALPS techniques 

should be similarly eff ective in measuring the recurrence 

of the Weddell polynya. Some of the Southern Ocean 

Argo fl oats would undoubtedly make their way into the 

polynya and provide limited information, particularly if 

TRANSIENT AND RAPIDLY
EVOLVING EVENTS

Introduction
Eric D’Asaro, Applied Physics Laboratory, University of Washington
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some provision was made for them to survive surfacing 

under ice. More eff ective, however, would be air-deploy-

ment of fl oats and drift ers into the polynya. Such an array 

could be deployed for far less cost than a single icebreaker 

cruise into the polynya, would maintain a presence for 

many months or years, and could be rapidly deployed. 

Finally, for harmful algal blooms (see case study on p. 52), 

gliders and AUVs are well-suited to make the small-scale 

intensive surveys necessary to sample the blooms. Th ese 

can be easily deployed from small boats or even launching 

ramps, bypassing the rigid schedules of research vessels 

and thus providing the timely and detailed information 

necessary to track the blooms.

Th e use of ALPS instrumentation to intensively sample 

transient events is particularly eff ective when combined 

with techniques that can provide timely targeting infor-

mation. For example, hurricanes can be readily detected 

and tracked with a variety of remote sensing techniques; 

the success of aircraft -based hurricane studies, including 

fl oat and drift er deployments, depends on the ability to 

vector aircraft  directly to the storm. Similarly, microwave 

remote sensing of sea ice, as shown in Figure 24, provides 

reliable and real-time measurements of the location and 

size of polynyas. For HABs, however, remote sensing sig-

natures are ambiguous at best. Here, the best strategy will 

be to used fi xed stations, both moored and on the beach, 

to act as sentinels for the presence of toxins. Th ese would 

act as triggers for more intensive AUV or glider surveys 

when necessary. Operationally, these measurements are 

best used in the context an integrated observing system 

that combines data of all types within a dynamically 

based model. 

Th ere exist some technological obstacles to the routine 

use of ALPS sensors to sample transient events. Th e suite 

of available sensors, although growing, is still quite limit-

ed. Opportunistic sampling requires sp eed and fl exibility 

in both operations and deployment. Such continuous op-

erations are diffi  cult to maintain within a typical research 

group. For global sampling, the fastest and most economi-

cal way to reach a given location is by aircraft . Although 

the techniques of air deployment are well developed and 

have been adapted to some varieties of fl oats, drift ers, and 

small AUVs, much remains to be done to make air de-

ployments routine. 
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Figure 24. An enormous ice-free region 

(polynya) amid the ice cover near the 

Weddell Sea formed during three con-

secutive Southern Hemisphere winters. 

Th e satellite image shows the concentra-

tion of sea ice surrounding Antarctica 

(black). Dark red regions are almost 

completely covered by ice. Blue regions 

are ice-free. Despite this being a major 

climatic event, which clearly involved 

the ocean, no measurements were 

made within the polynya. By deploying 

ALPS, there is a hope of capturing any 

recurrence. Image from NASA SP-459, 

Antarctic Sea Ice 1973-1976.



49

CASE STUDY

Capturing Air-Sea Interaction 
in Hurricanes 
Eric D’Asaro, Applied Physics Laboratory, University of Washington

Hurricanes are among the most deadly geophysical phe-

nomena; a 1970 storm in Bangladesh killed over a half 

million people. Over the last century, increasing skill 

in prediction has dramatically reduced the deaths in 

North America despite large increases in coastal popu-

lations during this same period (Willoughby, 2000). 

Uncertainties in present hurricane forecasts, particularly 

at times longer than 48 hours, continue to cause unnec-

essary and expensive coastal evacuations, while oft en 

providing warnings too late for eff ective preparations. 

Hurricanes signifi cantly increase the air-sea fl ux of C02 

(Bates, 1998), have large impacts on coastal ecosystems, 

and have potentially important feedbacks on climate 

(Emmanuel, 2003).

Hurricanes draw their energy from warm ocean waters. 

Th e ocean plays two important roles in this process. First, 

hurricane intensity is limited by the rate at which en-

thalpy and momentum can be exchanged across the air-

sea surface (Emmanuel, 1986). Th e exchange coeffi  cients 

are only poorly known at hurricane wind sp eeds, where 

spray eff ects play a large role (Andreas and Emmanuel, 

2001). Second, hurricane winds set up strong currents 

in the ocean mixed layer, which causes mixing between 

its warm water and the much colder underlying water. 

Th e resulting drop in sea surface temperature (Figure 

25a, c) can signifi cantly reduce the intensity of hurricanes 

(Emmanuel, 1999).

Ocean observations are necessary to address these issues. 

Ship-based methods cannot be used under hurricane 

conditions; even if they could, ships cannot move rap-

idly enough to routinely intercept hurricanes. Although 

long-term moored observations occasionally are overrun 

by hurricanes (Dickey et. al. 1998), many years typically 

elapse at a given site between such events. Most mea-

surements of hurricanes are made from aircraft . About 

a dozen NOAA and Air Force planes are dedicated to 

hurricane reconnaissance and research during each sea-

son. Expendable probes deployed from these aircraft  have 

been the basis of almost all detailed studies of the ocean 

beneath hurricanes (Price, 1981; Jacob et. al., 2000). 

However, these can only make profi les of temperature, 

salinity, and velocity when an aircraft  is present. ALPS 

instrumentation, deployed from existing aircraft , can 

provide an opportunity to make sustained measurements 

of a variety of quantities within the ocean beneath hur-

ricanes.

In August 1999, three Lagrangian fl oats were air deployed 

ahead of hurricane Dennis using a chartered skydive air-

craft  (D’Asaro, 2003a). Th ese fl oats (Figure 25d), designed 

and built at the Applied Physics Laboratory, University 

of Washington, follow the three-dimensional motion of 

water parcels to an accuracy of about 0.01 m/s (D’Asaro 

2003b) using a combination of neutral buoyancy, con-

trolled compressibility, and high drag. Float depth was 

measured from pressure. Th e temperature of the sur-

rounding water was measured to an accuracy of about 

1mK. For the fi rst day aft er deployment the fl oat equili-

brated at 60 m, adjusting its density to match that of the 

surrounding water. It then moved into the mixed layer 

and began its four-day-long scientifi c mission. Data were 

returned via the ARGOS satellite system.



50

Figure 25. Autonomous Lagrangian instruments were used to make key measurements (three-dimensional water particle motion, temperature, 

and depth) in Hurricane Dennis—a highly transient and hostile feature—within an environmental framework defi ned by satellite, aircraft, and 

operational weather measurements. Th e AUV measurements were possible because other measurements could defi ne the location of the hur-

ricane in real time, the Lagrangian instruments could be quickly and fl exibly deployed by aircraft to the correct location, and these instruments 

were robust enough to operate in the hurricane. Th ese data confi rm the key role of the oceans in hurricane dynamics. Additional measurements 

using fl oats equipped with sensors measuring oceanic shear, gas exchange, surface waves, and bubbles will be carried out as part of the CBLAST 

program during the 2003 and 2004 hurricane seasons.
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Figure 25e, f shows data from the one fl oat that sampled 

the ocean beneath the high wind region near Dennis’ eye 

(Figure 25b). Maximum winds (Figure 25d) exceeded 30 

m/s; the estimated wind stress exceeded 3 Pa. Th e fl oat 

repeatedly transited the mixed layer (Figure 25e and yel-

low insert) carried by the turbulent eddies that mixed 

the upper ocean. Typical vertical sp eeds were 0.05 m/s 

with peak sp eeds of 0.2 m/s. Th e depth to which the fl oat 

moved, combined with its temperature measurements, 

defi ned a mixing depth (red line in Figure 25e) that var-

ied from 30-50 m.

Satellite sea surface temperature (SST) images (Figure 

25, a and c) show the 3-4˚C cooling in Dennis’ wake. Th e 

fl oat data (Figure 25d) show similar cooling. Th e combi-

nation of fl oat vertical velocity (w) and temperature (T) 

allows the vertical transport of heat due to mixing to be 

directly measured from their average product <wT>(z). 

Other terms in the heat budget can also be computed. 

Th e total cooling of the upper 30 m is equivalent to 3800 

W/m2 during August 29. Of this, only 15% (600±200 W/

m2) is due to the air-sea fl ux and thus goes to power the 

hurricane. Th e rest is due to vertical (1600±250 W/m2) 

and horizontal (1800±600 W/m2) mixing. Th us, ocean 

mixing, driven by the hurricane winds, removed most 

of the ocean heat energy available to the hurricane, thus 

confi rming the key role of the ocean in hurricane dynam-

ics.

Coupled air-sea models are now routinely used for hur-

ricane forecasting. Th ese are run with minimal oceano-

graphic data for initialization or verifi cation. Th e routine 

deployment of fl oats measuring profi les of temperature, 

salinity, and velocity in front of selected hurricanes could 

provide the data necessary to verify and thus improve 

these models.
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Harmful algal blooms (HABs) are linked to serious hu-

man and ecosystem health impacts and pose signifi cant 

and recurrent economic concerns. Only a few dozen 

of the thousands of algal sp ecies present in the oceans 

are considered harmful and/or toxic (Smayda, 1997). 

Collectively, HAB sp ecies comprise a very diverse group 

of organisms representative of most major classes of mi-

Figure 26. A 3-D view of a phytoplankton layer dispersed along a ridge in 

the density fi eld and seemingly concentrated in a trough observed using 

an AUV in August, 2000, in Monterey Bay, CA. Th e layer of phytoplank-

ton contained Pseudo-nitzschia australis, a toxigenic diatom liked to ill-

ness and mortality of marine wildlife. Figure courtesy John Ryan, MBARI.

CASE STUDY

Th e Challenges of Detecting Harmful 
Algal Blooms
Chris Scholin, Monterey Bay Aquarium Research Institute

croalgae, other protists, and prokaryotes. Th ese sp ecies 

occur across a diverse range of habitats from the pelagic 

zone to the benthos, and many inhabit U.S. coastal waters. 

Harmful algal sp ecies have historically been distin-

guished based upon diff erences in cell morphology and 

ultrastructure by using light and electron microscopy. 

However, traditional detection methods that rely on mi-

croscopy can be logistically diffi  cult to implement when 

hundreds of samples must be processed in near real time. 

Source populations of organisms that ultimately give rise 

to HABs in coastal areas may occur off shore and be sub-

surface, sometimes in thin layers, and therefore are oft en 

diffi  cult to detect using traditional ship surveys, and even 

remote sensing (e.g., Figure 26). Eff orts to study, man-

age, and mitigate the negative impacts of HABs demand 

sp ecies-level cell identifi cation and quantifi cation, an un-

derstanding of how blooms are driven by and/or respond 

to chemical and physical properties of the water column, 

and how toxins produced by some of these organisms 

propagate through the food web. For these reasons, the 

study and management of HABs would benefi t tremen-

dously from the development of remote, in situ, real-time 

observing systems capable of detecting sp ecifi c HAB sp e-

cies and associated toxins.

Some HAB sp ecies exert their negative eff ects only upon 

reaching high cell concentrations, sometimes leading to 

overt discoloration of the water (“red tides”). Th ese high 

biomass blooms are associated with harmful eff ects, such 

as fi sh kills (e.g., Steidinger et al., 1998; Taylor, 1993). For 

such sp ecies, direct optical observations can provide a 

tract able means of detecting bloom events. Th is approach 
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Figure 27. Example of detecting a toxigenic diatom in 

a natural sample using a fl uorescently labeled DNA 

probe in whole-cell format. Left: transmitted light 

image of a dense group of cells collected on a fi lter. 

Right: corresponding epifl ourescence image showing 

location of a single chain of cells labeled with a spe-

cies-specifi c DNA probe. Arrow indicates location of 

that chain of cells in the transmitted light micrograph. 

(Miller and Scholin, 1998. Reproduced with permis-

sion of the Journal of Phycology.) 

is being adopted to study red tides that occur in the Gulf 

of Mexico using an optical sensor fi tt ed onto a Slocum 

glider (Figure 4, p. 9). However, many other HAB sp ecies 

exert harmful eff ects at concentrations far below those 

that lead to visually discolored water and may represent 

only a small fract ion of the total number of cells present 

in the environment. Moreover, because it is not always 

possible to discriminate harmful from benign organisms 

based on inherent or apparent optical properties, other 

techniques that provide sp ecies or even “strain” level reso-

lution are required. 

Application of molecular probes is one means of ac-

complishing that goal (Scholin et al., 2002; Figure 27). 

Nevertheless, when the problem organisms are rare, 

relatively large samples are required (100’s mL – L’s) 

and multi-step chemical processing of that material is 

needed to reveal target sp ecies or toxins of interest given 

the techniques available currently. Th erefore, success-

ful application of molecular probe sensing technology 

for remote HAB sp ecies detection on autonomous plat-

forms will require instrumentation that both accommo-

dates large sample volumes and provides the means for 

processing that material prior to delivery to the detec-

tor itself. While such systems are emerging (e.g., htt p:

//www.mbari.org/microbial/ESP), it is not likely in the 

short term that they will provide data at rates compara-

ble to those of physico-chemical sensors, such as a CTD. 

Consequently, near-term application of HAB biosensors 

fi elded on autonomous platforms will likely be tightly 

integrated with other sensors that trigger an analytical 

event in adaptive fashion based on environmental gradi-

ents readily detectable at high frequency and previously 

identifi ed as favorable for HAB formation. Powered 

AUVs are an att ract ive platform for developing, testing, 

and refi ning this capability.
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Th e vision of a modern ocean observing system that 

emerged from the ALPS workshop is one that combines 

ALPS with a variety of other platforms, as each has its 

own unique capabilities. Th ree spatial dimensions plus 

time must be resolved for a complete and unambiguous 

description of the ocean. Any one platform can typically 

resolve well at least two of these four dimensions, oft en 

leaving the remaining dimensions poorly observed. A 

thoughtful deployment of the broad array of diff erent 

platforms will form the paradigm for the ocean observing 

systems of the future.

Th e anchors of some regional observing systems will be 

cabled moorings. Th e ample power and bandwidth of 

cabled systems permit a diversity of sensors, and excellent 

coverage in time and with depth, albeit at a limited num-

ber of locations. ALPS complement moorings by provid-

ing expanded resolution for spatial sampling. Moorings 

also act as eff ective sentinels, their continuous presence 

detecting phenomena on all time scales. ALPS can then 

be deployed to improve resolution during relevant tran-

sient events.

Ships are the traditional, and most capable, platforms for 

collecting ocean observations. Ships provide people di-

rect access to the sea with many of the same laboratory 

capabilities that are available on land. ALPS improve the 

INTEGRATING ALPS WITH 
OTHER PLATFORMS

effi  ciency of ship operations by extending their reach in 

space and time. While scientists on board a ship make 

detailed observations, a network of ALPS can be operat-

ing independently in the surrounding water. When a ship 

departs from a region, ALPS can continue making obser-

vations long aft erwards. ALPS observations can also be 

used to infer more diffi  cult-to-measure quantities. Ships 

are essential to the development of in situ sensors for au-

tonomous platforms, as measurements made on board 

ships are necessary to ascertain the quality of data mea-

sured from new sensors on ALPS. Th e combination of 

ALPS and ships provides a model for expeditionary and 

process-oriented observations of the ocean. 

Satellite observations, which provide excellent spatial and 

temporal coverage of sea surface temperature, height, 

color, and winds have proven to be esp ecially impor-

tant for understanding the ocean at large spatial scales. 

Methods for measuring additional variables, such as sa-

linity, continue to be developed for measurement from 

space. High-frequency radars, with shore-based instal-

lations along U.S. coasts, are providing tantalizing views 

of surface velocity. However, all of these remote observa-

tions are limited to the surface as a consequence of the 

ocean’s opaqueness to electromagnetic waves. ALPS com-

plement these remote observations by collecting informa-

tion about the ocean beneath its surface and by providing 

ground truth for remotely sensed data. 

New fi xed and mobile ocean-observing systems are an essential complement 

to ships and satellites, and must be deployed if critical events are to be captured.
Ocean Sciences at the New Mill ennium 
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One of the challenges in interpreting ALPS data is space-

time aliasing. For example, a glider may move so slowly 

that its survey patt ern cannot be completed at a time 

scale necessary to observe a particular ocean process. 

While this problem may be addressed through deploy-

ment of more gliders and appropriate data analysis, a 

more effi  cient approach could involve moorings to pro-

vide temporal resolution. Th e problem of synthesizing 

these data has a variety of solutions, from relatively sim-

ple objective analysis through sophisticated assimilation 

into numerical models. Data assimilation will see increas-

ing use as ocean observing systems allow for accurate 

ocean prediction. Th e view that emerged from the ALPS 

workshop is that a holistic approach should charact erize 

ocean observations. Th e combination of ALPS, moor-

ings, ships, remote sensing, and models off er a compel-

ling vision for the future of ocean observations (Clark and 

Isern, 2003; Figure 28).
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Figure 28. Th e Autonomous 

Ocean Sensing Network 

(AOSN) in Monterey Bay uses a 

variety of modern platforms to 

produce a comprehensive view 

of the ocean. An exercise during 

summer 2003 used gliders, 

AUVs, drifters, fl oats, satellites, 

ships, moorings, and aircraft. 

Noteworthy was the deploy-

ment of a fl eet of over 20 gliders 

of two diff erent designs. Data 

were made available within 

hours to computer models, 

which in turn provided input 

into decisions on continued 

sampling from the array of 

platforms. Th e success of AOSN 

is a harbinger for future regional 

ocean observing systems. Figure 

courtesy of David Fierstein, 

Copyright 2001, MBARI.
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ALPS technologies have progressed rapidly in recent 

years, and there is every reason to believe that signifi cant 

advances will continue in the future. Th e ALPS workshop 

identifi ed several needs for more-capable platforms, sum-

marized below. 

 • New platform designs. Th e present platforms are ex-

pected to evolve. Larger fl oats for testing new sensors, 

micro fl oats to mimic larval disp ersal, AUVs for under 

ice exploration, and hybrid AUV-gliders are but a few 

of the new ideas for ALPS. See box on opposite page 

for details.

 • New sensors. Th e potential suite of acoustical, biologi-

cal, chemical, optical, and physical sensors that could 

be deployed on ALPS is impressive. Th ese sensors 

measure both state and rate variables. Many sensors, 

particularly chemical sensors, remain in the prototype 

stage for want of the investment necessary to graduate 

them into robust and reliable sensors. See box on p. 59 

for details.

 • Greater sensor payload is required on all platforms. 

Th e desire to solve interdisciplinary problems drives 

the need for simultaneous measurement of more vari-

ables and hence greater sensor payloads. An increased 

sensor payload, additional power to support sensors, 

and robust on-board data processing algorithms to re-

duce data transmission loads for high data-density sen-

sors such as the UV nitrate sensor are clear needs. Th e 

need for simultaneous measurement of many variables 

may necessitate larger platforms, or an alterative ap-

proach of using multiple platforms that communicate 

and share sampling responsibilities, each with its own 

subset of sensors. 

• New modes of operation for adaptive sampling and 

biological studies. As control theory and self-organiz-

ing sensor networks evolve, gliders, and AUVs could 

operate in ways radically diff erent from the traditional 

survey or station-keeping modes. Swarms of interact-

ing underwater vehicles, communicating and sharing 

information with each other, could track biomarkers 

or pollutant signatures much more effi  ciently than 

vehicles operating independently. Th e detection and 

charact erization of transient features such as harm-

ful algal blooms could be automated with vehicles that 

alternate between survey monitoring and adaptive 

sampling strategies. Networks of ALPS could be used 

in new sampling designs to study zooplankton and 

larval processes. For example, a network of platforms 

with zooplankton imaging or acoustics could both 

track a planktonic sp ecies of interest and determine 

abundances of diff erent stages, while simultaneously 

monitoring environmental conditions. Currently, litt le 

is known about the factors that guide zooplankton and 

fi sh through the oceans; the envisioned sampling net-

work could new provide insights into a day in the life 

of a copepod.

•  Increased reliability and endurance at lower cost. 

Th e various autonomous and Lagrangian platforms in 

development and use today are at diff erent levels of 

maturity. All ALPS platforms have a general need for 

improved reliability, increased endurance, and reduced 

costs of acquisition, deployment, and maintenance. 

• Improved two-way platform-to-shore communica-

tion. Th is will be a continuing issue with widely dis-

tributed platforms, with increased bandwidth at lower 

FUTURE PLATFORMS
 AND SENSORS
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New Platform Designs 

A number of sp ecifi c ideas for new platforms arose in workshop discussions. One anticipated development 

is a hybrid glider/AUV that combines the endurance of a glider with the sp eed and maneuverability of an 

AUV. Th e strength of gliders lies in their stingy power consumption and effi  ciency, so missions of thousand of 

kilometers over months will be possible. Th is effi  ciency comes at a cost in sp eed and controllability, as gliders 

typically can move at 0.3 m/s, and thus can be aff ected by strong ocean currents. AUVs, in contrast, are highly 

maneuverable but have relatively short deployment durations. A hybrid glider/AUV would be able to cover 

long distances effi  ciently by gliding. When it arrives at a location of interest, it could then sample intensively in 

the manner of an AUV. As all the technology to develop such a hybrid exists, the development is only a matt er 

of identifying and funding the appropriate team of scientists and engineers.

Short-term, large, robust, recoverable fl oats would be ideal platforms for newly developed sensors not yet ready 

for long-term deployment as well as for use in conjunction with ship-based processes studies. New sensors tend 

to be large—in physical size, power consumption, and cost—making such sensors inappropriate for deploy-

ment on the typical fl oats in use today. Floats capable of deployments of a month or less would be suitable com-

panions for a research cruise. While scientists on board the ship would undertake the kind of measurements 

only possible in a laboratory, as in a biogeochemical process study, the recoverable fl oats would expand the 

range of observations, with minimal investment in ship time. Th ese fl oats would most likely need to be large, 

with considerable capacity for buoyancy adjustment to accommodate voluminous sensors. Th e fl oats would be 

designed to be robust and easily recoverable, as the sensors on board also could be expensive prototypes. Th is 

model contrasts with most fl oats in use today, which are designed to be inexpensive and easy to deploy, but dif-

fi cult to recover, as their eventual loss is assumed. Finally, a standardized electronic interface between the fl oat 

and sensors would ease integration. 

Small fl oats capable of true water-following would be able to track the trajectories of pollutants and passively 

advected organisms. For example, a cluster of fl oats could be released from a known spawning site to address 

issues of recruitment. To mimic the behavior of zooplankton, fl oats could be designed to profi le vertically on a 

daily cycle, similar to the diurnal migration patt ern of zooplankton. As these fl oats would be deployed in con-

centrated groups, a challenge would be to track them, presumably acoustically. Th e payoff  would be substantial, 

as these “micro” fl oats would provide a new view of the ambits of a range of organisms.

plinary work on ALPS, as well as longer missions. 

Developments with semi-fuel cells, fuel cells, and com-

bustion-based energy sources may lead to far higher 

sp ecifi c energy. Energy from the environment, for 

example, from thermal and solar sources, is worthy 

of continued investigation. Docking stations powered 

by a range of energy sources could supply AUVs and 

cost the primary goal. Global telecommunication will 

likely be driven by forces outside oceanography, but we 

must do what we can to encourage improvements.

• Energy sources with increased power density and 

effi  ciency. Improved batt eries with increased power 

density and effi  ciency would facilitate interdisci-
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gliders. Th e oceanographic community is not the key 

driver of some of these technologies, but we stand to 

gain from further development.

• Improved ships and aircraft  for deployment and 

recovery. A small, fast, inexpensive UNOLS vessel 

dedicated to ALPS would be desirable. As global ALPS 

operations continue, an aircraft , for example a C130, 

would allow for wide deployment. As new platforms 

are developed, the engineering should refl ect the po-

tential for airborne and other types of rough deploy-

ment.

• Standardized interfaces for a “plug and play” capa-

bility. Th e integration of new sensors on platforms is 

always challenging. Th e communications asp ect could 

be made simpler with standardized interfaces between 

sensors and platforms, and where possible within simi-

lar-sized sensors, the physical shape and weight distri-

bution should be standardized.

 • Reduction in sensor cost. Similar to the need for less-

expensive platforms is the need for lower-cost sensors. 

Smart sensors that share common light sources, detec-

tors, pumping systems, etc. could be developed to re-

duce the measurement cost per variable, as well as con-

serve space on a platform. Some optical sensors have 

been successfully miniaturized; that trend should be 

continued for all ALPS sensors. Developments in the 

emerging area of microsystems, in which electronics, 

sensors and actuators are merged on the micron scale, 

should be closely watched. Analogous to the situation 

with batt ery and satellite communication technology, 

although ocean sciences is not the key driver of the 

fi eld, ALPS should be ready to take advantage of ad-

vances in appropriate microsystems arenas.

 • Sensor stability and calibration. Th ere is a need for 

biological, chemical, and optical sensors that are stable 

over a range of temperatures and number of years. 

Associated with this need for stability is also the need 

to develop a set of calibration protocols among labora-

tories that deploy ALPS; these protocols would include 

both laboratory and at-sea procedures. For example, 

a self-calibration routine for nitrate sensors might 

include monthly measurement of nitrate at 2000 m, 

a depth where nitrate concentrations change only on 

very long time scales. A more challenging engineering 

act ivity is the development of devices to enable sen-

sor self-calibration at sea, particularly during extended 

missions. For optical absorption coeffi  cients, for exam-

ple, a self-calibration protocol might rely on injection 

of a known volume of a standard dye that is carried on 

the platform and integrated into the sensor system. 

 • Biofouling of biological and chemical sensors. 

Fouling is a major problem for most sensors; the cul-

prits can be macroalgae, bivalves, barnacles, and fi lms 

of organics, bact eria or microalgae. Th e development 

of creative means to avoid fouling or renew the sen-

sors or sensor surfaces is essential for long-term de-

ployments in the open ocean as well as for short-term 

deployments (~ several weeks) in biologically rich 

coastal waters. Incorporation of sensors into a pumped 

CTD stream would allow some types of sensors to be 

protected from fouling while still exposing them to a 

controlled fl ow of new water. Automated replacement 

of disposable sensors, particularly microsystems, would 

provide extended measurement durations.

 • Water sampling, on-board processing, and sample 

storage for later laboratory analysis. Th ere will al-

ways be measurements that can only be carried out on 

samples in the shore-based laboratory. Effi  cient means 

for collecting water samples, separating or concentrat-

ing the chemicals or particles of interest, and storing 

the samples is an important goal. By using micro-fl u-

idic samplers, it might be possible to store thousands or 

more samples until the platform was recovered.
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New Sensor Designs 

Measurement of macronutrients and trace metals are central to biogeochemical studies; simple and inexpen-

sive sensors for nitrate, nitrite, ammonium, phosphate, silicate, and iron are needed. A few chemical sensors 

for nutrients exist as prototype instruments, but few are suffi  ciently robust for routine unatt ended use. Recent 

developments have made it possible to measure nitrate in seawater, without traditional colorimetric analysis or 

pumps, based on its UV absorption sp ectrum. Continued advances in opto-electronics, such as UV-light emit-

ting diodes, are essential to reduce the power consumption of the UV nitrate sensor. Long deployments with 

high sampling rates will be feasible only if power consumption is reduced by several orders of magnitude. 

Another area that requires improved sensors is the direct measurement of dissolved gases—oxygen, carbon di-

oxide, methane and hydrosulfi de—and their air/sea fl ux. Present sensors are susceptible to fouling and sensor 

drift , thereby limiting their time frame for reliable measurement. Alternative approaches, such as fl uorescence 

quenching for oxygen sensing and thin fi lms for methane measurement, are being explored but require consid-

erable investment in both understanding the chemistry and in developing sensor and self-calibration systems. 

Improved sensors for pH, total inorganic carbon, pCO2, and titration alkalinity are needed to improve charac-

terization of the marine carbon system. Also needed are bett er sensors to assess rates of primary productivity.

Molecular sensing provides an approach for identifying sp ecifi c organisms, inferring metabolic potential and 

function, and indicating stress. Many of the diagnostic procedures for detecting molecular signatures share 

an overlapping set of requirements such as concentrating, preserving, and disrupting cells, applying a series of 

reagents in a timed sequence, and detecting and quantifying the signals with optical and electrochemical trans-

ducers. Th e rapid advances in microfl uidic and microelectromechanical systems lead to such developments as 

the “lab-on-chip” which, in concept, is highly compatible with ALPS. DNA and protein arrays have the poten-

tial to simultaneously detect many genes and their products in a single sample. Molecular sensors hold great 

promise for answering long-standing questions in oceanography, although much basic research remains to be 

done.

Th e development of high-quality, low-power acoustic and optical systems for measuring zooplankton and fi sh 

are sorely needed for marine food web studies. Small echosounders with high bandwidth and improved optical 

imaging systems to identify individual sp ecies could be deployed on ALPS to track individuals or schools for 

extended periods of time. Improvements in these technologies would also benefi t analysis of bott om charact er-

istics. A low-power optical sensor for microstructure should be developed; this optical approach would allow 

turbulent-scale density fl uctuations to be directly measured. Measurement of velocity microstructure from a 

pitot tube should also be explored because of its relatively insensitivity to mechanical vibrations. 

Development of autonomous sensor systems typically progresses from bench-top prototypes, to research sys-

tems that are operated in situ, and fi nally to production of commercial systems that are accessible to the broad 

community. Th e long time frames needed to bring new sensor systems to operational status require that sus-

tained commitments to development be made. 
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Because ALPS are relatively inexpensive it is possible to 

deploy many units in focused process experiments, in 

regional observing systems, or in global arrays. An ALPS 

observational network can resolve scales and processes 

that are otherwise diffi  cult, or impossible, to observe. 

Th e ALPS network then acts as a single entity, and would 

be appropriate for funding as a large enterprise, rather 

than as many small, individual projects, as is typical now. 

Workshop att endees proposed a number of models to 

continue technology development, and to broaden com-

munity access to the best ALPS available.

• Status quo. Currently, ALPS expertise is distributed 

throughout the country with each group pursuing its 

own engineering and science goals, operating within 

the constraints of funding agency objectives and re-

source availability. Th is independence has resulted in 

the diversity of ALPS existing today. Th ere is much to 

be said for the freedom allowed by the current mode of 

operation. However, small research and development 

groups have litt le capability or incentive to off er access 

to a broader community.

• Private vendor. Components of many ALPS technolo-

gies are produced commercially. With technology that 

has been developed to a reliable operational level, and 

with an adequate customer base, it is reasonable for a 

company effi  ciently to build and market many iden-

tical units. Private industry provides ready access to 

anyone with suffi  cient funds. However, private compa-

nies are usually unwilling to invest in or produce highly 

innovative systems, or one-of-a-kind instruments, even 

if these have a high long-term potential. Th e model of 

innovative development to the prototype and demon-

stration stages by research groups, followed by com-

mercialization, is much more common.

• Government-funded facility. Groups of engineers 

and technicians can be formed into regional centers 

of excellence to make ALPS available to all whose sci-

ence would benefi t. Existing facilities can be examined 

for their relative benefi ts and liabilities, as we design 

an approach uniquely suitable for ALPS. Shipboard 

technical services, run by ship operators, supply the 

standard instrumentation on oceanographic cruises. 

A drawback is that such large ocean-going operations 

are oft en not on the cutt ing edge of technology, partly 

because of the large amount of time at sea required 

of employees. Other models worthy of study include 

facilities that support remotely operated underwater 

vehicles, marine geology and geophysics, and research 

aircraft . An eff ective plan will have to deal with the 

sometimes diff erent goals of facilities and research sci-

entists.

• Special mission. Small collectives of engineers and 

scientists with diverse expertise could band together to 

design new platforms, integrate sensors, and perform 

initial operations. Th is team approach, similar to how 

NASA operates, but less common in oceanography, is 

eff ective because it aligns the goals of all involved. A 

similar approach has recently been used in the devel-

opment of Autosub (case study on p. 45) in the UK. 

A mission model is fl exible, can take many forms de-

pending on the maturity of the technology, and is wor-

thy of further study.

ENABLING ACTIVITIES
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Toward Implementation

An eff ective plan for nurturing and distributing ALPS 

will likely be a blend of all of the approaches discussed 

above. A few issues must be addressed to make any of the 

models work:

1. ALPS technologies vary in maturity, sophistication, 

and technical support requirements so that diff erent 

models may be appropriate for diff erent platforms.

2. Training of scientists and support staff  in the use and 

possibilities of ALPS is a high priority. Such training 

takes time, money, and the cooperation of experts who 

will have to provide these act ivities at the expense of 

personal productivity.

3. Th e professional aspirations of all involved scientists 

and engineers must be recognized.

A complete implementation plan is too complex to 

achieve at a single workshop. A next step is to form an 

implementation group made up of technology originators 

and users. An ALPS implementation group would con-

sider the models developed at the workshop, and work 

up a comprehensive plan for continued development, 

training, and sustained operations. Th e ultimate goal is to 

make ALPS available to all interest ed ocean scientists.
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RECOMMENDATIONS
Th e vision that emerged from the workshop was of an 

ocean-observing network of fl exible scale and scope, 

comprising many relatively inexpensive platforms outfi t-

ted with the most advanced sensors, to enable new views 

of the ocean. ALPS, uniquely among all observational 

systems, hold the promise of solving the fundamental 

oceanographic problem of spatial sampling. It is time to 

move forward so that all oceanographers can share in the 

technological advancements achieved to date and can 

participate in future act ivities. Action now will foster ac-

celerated and coordinated growth of both platforms and 

sensors, and will allow ALPS to play a major role in the 

future of oceanography. Specifi c recommendations follow.

• Resources. Funding ALPS as infrastructure will eff ec-

tively foster sustained, innovative development of the 

technologies and will broaden access to a wider scien-

tifi c community. By enabling investigators to deploy 

ALPS acquired through infrastructure funding, indi-

viduals can pursue their own sp ecifi c scientifi c goals 

as well as contribute to building an overall network. 

Although a single ALPS may have a limited lifetime, as 

does each component of any oceanographic observing 

system, the ALPS network and technological support 

will endure.

• Implementation group. A diverse group of technol-

ogy innovators and scientifi c users must be formed 

to develop an implementation plan and to provide a 

forum for continuing community input. Th e key to 

success is sustained engineering innovation with ex-

panded access for a broader scientifi c community.

• New platforms. Th e platforms of tomorrow must be 

designed today. Likely candidates include a robust, 

recoverable, multidisciplinary fl oat; a hybrid glider/

AUV; and water-following micro-fl oats.

• New sensors. Prototype sensors, particularly for 

chemistry, should be rapidly brought to commercial-

ization; development of sensors for food web studies 

and molecular markers should receive high priority. 

Miniaturization and cross-platform compatibility 

must be a paramount consideration in new sensor de-

velopment. Sustained investment in instrument devel-

opment is essential.

•  High priority systems. Existing platforms and sen-

sors could be combined in new ways to create ALPS 

that will be of immediate use. For example, a basin-

scale network, similar to the Argo array, of biogeo-

chemical profi ling fl oats with sensors for chlorophyll 

fl uorescence, optical scatt ering, oxygen, and nitrate 

could address variability of organic carbon production 

and its export. An optically instrumented HAB glider 

(p. 52) using adaptive sampling behavior could con-

tribute to signifi cant advances in understanding the 

development of algal blooms.

• Pilot projects. A mechanism for supporting pilot proj-

ects must be est ablished to promote ALPS technology 

development within the context of meaningful scien-

tifi c goals. Science questions need to drive technologi-

cal developments. Th e best way to ensure that ALPS 

technologies eff ectively address interdisciplinary prob-

lems is to promote the wider use of these technologies, 

early in their development, by high-quality interdis-

ciplinary scientists. Th is recognition of the interdisci-

plinary potential of ALPS should not preclude innova-

tive disciplinary work.

• People. Workshops, short courses, training programs, 

fellowships, and CAREER awards are needed to ad-

dress the critical shortage of trained engineers and sci-

entists to develop and support ALPS systems.
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