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Abstract Moored automatic mobile profilers (MAMPs) provide cost-effective profiles of density, velocity,
and water quality (i.e. fluorescence, nutrients, dissolved oxygen) at high temporal and vertical resolution
over extended durations in a variety of marine environments and are an important component of modern
ocean observation systems. While several different types of MAMPs are in use today, they all consist of
a single instrument package that is raised and lowered through a specific depth range at pre-programmed
intervals, allowing observation of intermittent processes and vertical ocean structure. This chapter compares
MAMPs to fixed-depth instrument moorings, describes the types of MAMPs in use today, and presents a
detailed discussion of the Aqualog wire-following profiler, including its profiling performance in the Black
Sea. Options for underwater communication via the underwater acoustic modems S2CR 7/17, produced
by EvoLogics GmbH, are also presented. Oceanographic data collected during recent deployments of the
Aqualog profiler in the northern Red Sea highlight its ability to resolve high-frequency variability driven by
large-amplitude internal waves.

Daniel F. Carlson
H. Steinitz Marine Biology Laboratory, The Interuniversity Institute for Marine Sciences, The Hebrew University of Jerusalem.
Eilat, Israel.
e-mail: danfcarlson@gmail.com

Alexander G. Ostrovski
Russian Academy of Sciences, P.P. Shirshov Institute of Oceanology, Laboratory of Experimental Physics of the Ocean.
Moscow, Russia.
e-mail: osasha@ocean.ru

Konstantin Kebkal
EvoLogics GmbH. Berlin, Germany.
e-mail: kebkal@evologics.de

Hezi Gildor
2. The Fredy and Nadine Hermann Institute of Earth Sciences, The Hebrew University of Jerusalem. Jerusalem, Israel.
e-mail: hezi.gildor@huji.ac.il

1



2 Daniel F. Carlson, Alexander G. Ostrovskii, Konstantin Kebkal, and Hezi Gildor

1 Introduction

This chapter introduces moored automatic mobile profilers (MAMPs), not to be confused with fixed-depth
moored profilers, such as acoustic Doppler current profilers (ADCPs) or conductivity/temperature/depth
(CTD) probes, which are sometimes called profilers, too. The advantages and disadvantages of both fixed-
depth moorings and MAMPs are discussed below in section 2. Research and development of MAMPs began
in the 1970s with a limited production of MK-I/II Cyclosonde profilers (Van Leer et al. 1974). Approxi-
mately 30,000 vertical profiles of temperature and salinity were obtained in the upper ocean by these de-
vices. Over the past 20 years, at least 18 types of MAMPs were developed around the world and tested
in the ocean. Since the end of the 1990s, the need for regular, repeated vertical profile data has been
recognized and MAMPS are now a major component of modern ocean observing systems. As a result,
several types of wire following MAMPs, i.e. MAMPS that crawl up and down along a mooring line or
are raised and lowered by a winch installed on the sea floor or on the sea surface, have been produced
and are in use today. In January 2011, Woods Hole Oceanographic Institution (WHOI) under the aus-
pices of U.S. National Science Foundation invited a new tender. As a result of this project two (coastal
and global) wire following MAMPs are to be developed (www.oceanobservatories.org/2011/
rfp-whoi-rfp-whoi-01-21-2011-wire-following-profiler/). The wire following pro-
filer moorings will be used in coastal observatories and at offshore locations (www.whoi.edu/ooi_
cgsn/coastal-surface-profilers/).

Modern MAMPs are designed to obtain regular time series of oceanographic data in order to study high
frequency and/or episodic ocean processes (such as convective mixing, density currents, intrusions, and in-
ternal waves) and also to understand the impacts of climate change on the physical and biochemical charac-
teristics of the marine environment. Insight into the temporal variability of the vertical structure of the ocean
circulation and ecosystem is needed to evaluate the fluxes of heat, momentum, salt, gases, and suspended
and dissolved matter across the interfaces in the ocean.

The ocean parameters that can be deduced from oceanographic measurements in the upper 1000 m of the
ocean are controlled by:

• dynamic processes, primarily by horizontal advection and diffusion, turbulence and vertical mixing
• biogeochemical processes, such as chemical reactions, migration, gross production and breathing of zoo-

and phytoplankton, and bacterial decomposition/re-mineralization.

Both biotic and abiotic processes vary in time and with depth and are often intermittent in nature. To
learn about the adaptation of ocean ecosystems to the adverse effects of shifts in global and regional climate
patterns over the years, and to understand better how ecosystems react to such global phenomena as El Niño
and the North Atlantic Oscillation, it is necessary to carry out high frequency measurements over extended
durations. The influence of irregular and short-term events, such as coastal upwelling and cascades, on
ecosystems can also be very significant and must be monitored, even if such events occur very rarely e.g.,
several times a year. Regular and frequent measurements are needed to monitor intermittent forcing in the
marine environment.

2 MAMPs versus fixed-depth instrument moorings

MAMPs and more traditional fixed-depth instrument moorings have distinct advantages and disadvantages
that need to be weighed when selecting an observational platform to study a particular location and/or
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oceanic process(es). The main difference between the two types of moorings is the sampling strategy and
number of instruments needed. MAMPs typically consist of a single instrument package that is automatically
raised and lowered at pre-programmed intervals while fixed-depth instrument moorings typically consist of
multiple instruments (i.e. thermistors, CTDs, ADCPs, etc.) that sample at a constant rate and are attached to a
mooring line at fixed-depths. This difference impacts every important aspect of observational oceanography,
including, instrument costs, vertical and temporal resolution, measurement accuracy, redundancy, mooring
maintenance, deployment and recovery, deployment duration, and mooring motion.

2.1 Resolution

MAMPs can collect density and velocity profile data at high vertical resolution (∼1 m) and relatively high
temporal resolution (hourly-daily). Fixed-depth moorings, on the other hand, can measure at high temporal
resolution (1-2 Hz for some thermistors) but high vertical resolution is usually difficult to achieve over a
large depth range. Fixed-depth moorings, therefore, typically concentrate instruments in an area of interest
(e.g. the base of the thermocline or the deep chlorophyll maximum). ADCPs, while considered a fixed-depth
instrument, also measure profiles of water velocity but vertical resolutions vary depending on frequency,
and are typically low over extended ranges. Longer range ADCPs operate at lower frequencies and can have
difficulty reaching great depths in oligotrophic waters where the abundance of acoustic scatterers decreases
significantly at depth. Additionally, the horizontal span of ADCP beams widens with increasing depth. Wire-
following MAMPs (see section 3.4) are often outfitted with high frequency acoustic Doppler current meters
(ADCMs) that measure the velocity in a single, narrow bin directly above or below the MAMP. The resulting
velocity profiles have high vertical resolution (1 m) even at great depths.

Autonomous vertical profiling measurements, in contrast to fixed depth moored measurements, can re-
solve ocean fine structure layers. Thin, horizontally stretched accumulations of plankton are common in the
layered organization of ocean ecosystems. Thin acoustic scattering layers are often indicative of mesozoo-
plankton and micronekton accumulations at sharp thermohaline gradients (Osborne 1998). Thermohaline
lenses and intrusions, plankton accumulations, and acoustic scattering layers should be sampled with res-
olution better than 1 m. Physical processes, such as internal waves, intrusions, and convection may lead
to re-distribution of plankton, so, thin layers can disappear in a matter of hours (Steinbuck et al. 2010).
Therefore, to study ocean ecosystems and their reaction to external forcing it is necessary to measure verti-
cal profiles of physical, chemical, and biological properties with resolution better than 1 m and to perform
profiling at time intervals of the order of 1 h.

2.2 Measurement accuracy

Many oceanographic instruments are known to drift, especially over long deployments. Since each instru-
ment will have its own error, small variations of an ocean variable with depth or time will be difficult to
resolve. MAMPs, however, can still resolve vertical gradients even if an instrument drifts.
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2.3 Redundancy

While fixed-depth moorings usually incur higher instrument costs, the use of multiple instruments provides
redundancy in the event of instrument failure or malfunction. MAMPs are vulnerable to instrument failure.
Other essential components of a MAMP could fail or malfunction and, without real-time data transmission,
could go unnoticed until recovery. MAMPs, however, usually lower oceanographic instruments below the
photic zone between profiles. This reduces bio-fouling and decreases the chances of ship strikes and entan-
glement in fishing gear. Additionally, the proper selection of third party sensors can provide some level of
redundancy in MAMPs. For example, the TRDI Doppler volume sampler (DVS) with the SBE38 thermistor
can be installed along with a CTD, thus providing redundant temperature data.

2.4 Deployment, recovery, maintenance, and costs

Up-front instrument costs are considerably lower for MAMPs when compared to fixed-depth moorings.
Time and money spent on instrument maintenance and calibration is also much lower for a single set of
instruments. MAMPs can also be serviced at sea from a small boat, eliminating the need for large research
vessels and reducing mooring maintenance costs.

Many MAMPs, especially buoy profilers (section 3.1) and wire-following profilers (section 3.4), can
make use of a permanent mooring. Wire-following profilers can be programmed to stay at the minimum
profiling depth long enough to enable retrieval by a dive team. After downloading the data and servicing the
profiler the same dive team can return the profiler to the mooring wire. This approach reduces down-time
and also reduces mooring maintenance costs while enabling long-term monitoring.

Fixed-depth mooring deployment/retrieval is, by comparison, more time consuming and more expensive.
Multiple instruments must be attached to or removed from the mooring line and the data must be downloaded
and archived. Special attention must be paid to the distances between instruments to estimate depths (for
instruments without pressure sensors).

2.5 Deployment duration

Most modern thermistors, CTDs, and ADCPs can sample at relatively high frequency (1 sample per minute)
for several months (years in the case of most thermistors). Vertical profiling increases power consumption
due to propulsion/buoyancy considerations. As a result, most MAMPs must sacrifice temporal resolution
and/or vertical profiling range to extend deployment duration.
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Table 1 MAMPs developed since the 1990s
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Oceanic Remote Chemical/ Optical
Analyzer (ORCA)

+ + + + + University of Washington (USA)

Buoy profiler 601/701 + + + + • • Idronaut S.r.l. (Italy)
Automatic profiling buoy (АРВ) 505 + + + + SAIV A/S (Norway)
LEO-15 + + + + WHOI, Rutgers University

(USA)
Vertical Profiling System (VPS) VPS25,
VPS100, VPS200, VPS300

+ + + + InterOcean systems, inc. (USA)

Self-Up/Down Winch-type Buoy + + + + Nichiyu Giken Kogyo Co. Ltd.
(Japan)

X10 + University of Oregon (USA)
Miniaturized Autonomous Moored
Profiler (AMP) AMP-WQ50,
AMP-ES100

+ + + + + WET Labs, Inc. (USA)

SeaCycler + + + + + + + Bedford Institute of
Oceanography (Canada)

SeaHorse + + + + + ODIM Brooke Ocean (Canada)
SeaTramp PP2 + + + • • • Ocean Origo AB (Sweden)
McLane Moored Profiler (MMP) + + + + + McLane Co. (USA)
Cyclozond + + + EDBOE RAS (Russia)
Aquazond + + + SIO RAS (Russia)
Aqualog + + + + + • + • Aqualog Ltd. (Russia)
Externally Powered/ Compressibility
Compensated (EP/CC) -Yoyo

+ + + Alfred Wegener Institute
(Germany)

Polar Ocean Profiling System (POPS) + + + + METOCEAN (Canada)
Ice-Tethered Profiler (ITP) + + + + WHOI (USA)
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2.6 Mooring motion

Strong horizontal currents can depress sub-surface flotation and create large vertical inclinations in both
MAMP-type moorings and fixed-depth moorings. In fixed-depth moorings, this results in depth uncertainties
(for instruments without pressure sensors). Strong currents can still impede the vertical progress of a MAMP,
yet there is no uncertainty in the depth of a given measurement as MAMP-type measurements provides co-
located CTD and current meter data.

3 Types of MAMPS

All mobile profilers developed since the 1990s can be classified according to their main features such as the
type of deployment, energy consumption, propulsion, and communication (Table 1). Here we present several
types of MAMPs in production today.

Fig. 1 Idronaut Buoy Profiler 601. 1 fiberglass buoy; 2 winch with block and leveled drum, 3 marine radio antenna, 4
couplers, 5 eyes, 6 rope guide roller, 7 polyurethane coaxial armored cable, 8 underwater measurement sensors based on
salinity, multi-parameter probe Idronaut Ocean Seven CTD316. Reprinted with permission from Idronaut S.r.1

3.1 Buoy Profilers

Buoy profilers float on the sea surface and automatically raise and lower oceanographic instruments at pre-
programmed intervals using an onboard winch. A typical buoy profiler consists of a buoyant housing that
contains the winch, wire drum, batteries, and communications equipment. Buoy profilers are usually de-
ployed in shallow coastal waters or bays (water depths of several tens of meters). For instance, Idronaut
S.r.l., Italy manufactures the Buoy Profiler 601/701 (Fig. 1) that raises and lowers a multiparameter probe.
The buoy hull contains the controller, battery package, and cellular phone or UHF radio modem. Buoy profil-
ers have seen successful applications in multidisciplinary research in inland seas (e.g., Lips et al. 2011). It is
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advisable to lower measurement sensors on a conductive rope below the euphotic zone to reduce bio-fouling
(Dunne et al. 2002). Advantages and disadvantages of buoy profilers are summarized in Table 2.

Table 2 Table 2. Advantages and disadvantages of buoy profilers

Description Advantages/Requirements Disadvantages
Deployment Easy-to-assemble, low water

impermeability requirements.
Toroidal buoy shape provides user
with comfortable work area, while
permitting installation of the
downcast measurement system at
the center of the buoy. Toroidal
buoy possesses good endurance in
ocean conditions.

Exposed to wind and waves, can be
inhabited by sea animals and
plants. Higher risk of collision with
floating objects. Fiberglass buoy
can be cracked in case of collision.
Theft and vandalism occur often.
Size and weight of buoy seriously
complicate deployment from a
small boat.

Winch-driven
profiling

Wide range of sizes and weights of
measurement sensors, possibility of
profiling at fixed speed, precise
depth maintanence, technological
simplicity.

Higher energy consumption.
Limited maximum profiling depth
(˜100 m).

Winch with
wire guide
system

Technologically robust. Short
guiding unit without block allows
sheltering winch and rope in small
housing from weather and vandals,
and provides access to the
oceanographic sensors.

Drum width for rope winding is
limited, no more than 1/6 of the
length of the guide unit.

Solar panel Buoy moored at 3 anchors allows
solar pointing for efficient battery
recharging. Provides system power
supply prior to the end of life of
batteries.

Requires solar battery orientation.
3 anchor mooring complicated for
deployment especially in deeper
water. Power in winter is
significantly reduced, increases
wind drag.

Controller Wide range of devices is offered. Programming and debugging are
time-consuming.

Communication Allows downloading data, changing
parameters and schedule of
measurements and controlling the
profiler remotely at great distances.
Communication over amateur radio
band (Ham Radio) generally is not
licensed.

Range-limited. Poor
communication quality results in
frequent data transfer requests.

3.2 Bottom Mounted Profilers

Bottom mounted profilers also use an automatic winch and a buoy but, unlike buoy profilers (see section
3.1), the winch is anchored on the bottom (or at the top of a subsurface mooring) and is used to raise and
lower oceanographic instrument embedded in a buoyant housing. Bottom mounted oceanographic platforms
are seldom equipped with winch driven profilers (ADCPs are often used instead). The main advantage of the
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bottom mounted winch driven profiler is that it allows for complete profiles of the water column, from the
sea bottom to the air-sea interface, without the presence of surface flotation. The data can be transferred via
either bottom cable or radio when the sensor suite with telecommunication terminal rises to the sea surface.
Reliable performance of an electromechanical profiler was achieved in shallow waters (C. von Alt et al.
1992, Forrester et al. 1997, C. von Alt et al. 1997).

There are a number of issues one should consider when using a bottom mounted winch driven profiler. An
application of such a device is basically limited by environmental conditions at the deployment site such as
current speed, softness of bottom sediment, bottom slope, and typical weather. Important engineering issues
include the buoyancy of the carrier and payload and the type of the electric power supply. For example,
bottom winches by InterOcean Systems, Inc. are designed for cable lengths up to 300 m and profiling speeds
of 5-10 m/min. Yet, the major obstacle facing bottom winch technology is that strong currents prevent the
sensor suite from reaching the surface. The straightforward way to overcome this problem is to increase
the buoyancy of the sensor suite, e.g. up to 150 kg in the InterOcean Systems profilers, at the expense of
increased power consumption. The higher power consumption often requires a power supply via bottom
cable from shore. Maintaining mooring line tension during ascent can be problematic, specifically in the
near-surface zone where wave motion and wave breaking can significantly affect the mooring. The depth of
the sensor suite is determined by a pressure gauge and upon reaching the surface (atmospheric pressure) the
controller sends a command to the winch engine to stop unwinding the cable. The winch can also be elevated
above the sea bottom as for example Underwater Winch AES-3 by Nichiyu Giken Kogyo Co. Ltd. (Fig. 2).

Fig. 2 Concept of the ocean profiling system driven by the Underwater Winch AES-3. Reprinted with permission from Nichiyu
Giken Kogyo Co., Ltd.

(www.nichigi.co.jp/products/ocean/products/products_002.html)

Another approach to a moored underwater winched system was first suggested by Fowler et al. (2004)
and further developed by Send et al. (2012). The system includes three floats connected by cables as follows:
a communication float (50 N net buoyancy), a sensor float (1050 N buoyancy including an extensive sensor
suite), a lower mechanism float (4350 N buoyancy), which also provides floatation for the mooring and
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contains a double drum. The smaller diameter section of the drum stores the mooring wire and the larger
diameter section carries a near-neutrally buoyant cable leading to the sensor float. In order to use a balanced
energy-conserving principle, these cables are wound in opposite directions. While rotating, the double drum
produces differential movement of the two cables in opposite directions in the ratio of the drum diameters
causing the profiling floats and the mechanism float to move vertically in opposite directions.

3.3 Winch-Type Profilers

Interesting designs of the winch-type profilers were presented by Oregon State University (McLean, Barnard,
2005), Nichiyu Giken Kogyo Co. Ltd. (nichigi.com/ocean/product/underwater_winch.
html) and WET Labs. Inc. (now a part of Sea-Bird Scientific). The characteristic feature of these pro-
filers is that the winch is built on the same frame as the sensor suite i.e., in one self-contained platform (Fig.
3). A rope is wound at the winch drum and its end is fixed at the anchor. Paying the rope in/out of the winch
drum lowers/raises the profiler.

Fig. 3 The vertical profiling system Sea-Saw by Nichiyu Giken Kogyo Co. Ltd. 1 frame, 2 controller housing, 3 docking
latch, 4 battery case, 5 floats, 6 rope drum, 7 motor and gear box. Reprinted with permission from Nichiyu Giken Kogyo Co.,
Ltd.

(www.nichigi.co.jp/products/ocean/products/products_002.html)

Development of the miniaturized autonomous moored profiler (mini AMP) by WET Labs was aimed at a
flexible system providing the user with the possibility to change sensors or to modify the measurements and
data transfer. The AMP design comprises a modular, self-contained, winch-driven profiling platform with
an integrated control system, a power system, and a telemetry unit. Special attention is paid to allow for the
AMP to reach the sea surface. In particular, the winch motor rotates at either constant or variable velocity. In
the former mode of operation, the winch spools rope off/on the drum at a constant rate. This mode is suited
for calm weather when surface wave activity ceases. In the variable rotating mode, the motor acts to maintain
a constant tension of the profiling rope. This is needed to mitigate time varying accelerations/decelerations
on the profiler movement due to surface waves. The hydrodynamic cowling (vertically-oriented, wing-like)
helps to stabilize the profilers orientation with respect to the flow direction. The hydrodynamic cowling is
shaped such that the profiler will consistently orient itself with the leading edge pointing into the prevailing
horizontal current. Buoyancy blocks are located in the upper 1/3 of the profiler. The target weight of the
profiler in water is ∼90 N positive buoyancy. The centers of buoyancy and mass are vertically separated to
maintain an upright attitude during profiling. The telemetry system will only operate when the antenna is
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above the surface of the water and is turned off when the profiler is at the radio depth. The telemetry system
can turn on the VHF transmitter, CDMA cellular and WiFi equipment.

Profilers equipped with winches have similar limitations as those of the bottom mounted winch-driven
profilers:

• limited profiling range (approx. 100 m).
• high currents may cause the profiler to submerge.
• rope spooling at considerable positive buoyancy of the profiler leads to substantial energy consumption.

Additionally, if oceanographic sensors are installed in the upper part of a winch-type profiler to measure
in the undisturbed environment above the bulk of the profiler, then after ascent some sensors may rise above
the sea surface and dry out.

3.4 Wire Following Profilers

Anchored buoy stations, where a mooring wire serves as a guide for profilers, are preferable for autonomous
profiling in the open sea (depths exceeding 100 m). SeaHorse (Hamilton et al. 1999), SeaTramp PP2
(Arneborg et al. 2004), McLane Moored Profiler (MMP; Doherty et al. 1999), and Aqualog (Ostrovskii and
Zatsepin 2011) can be considered among such profilers produced nowadays. For example, typical moorings
with the Aqualog profiler are shown in Fig. 4. This approach allows the user to optimize ocean measure-
ments over a large depth range. A single set of sensors is used, instead of several sets of sensors at fixed
depths, which greatly reduces both the cost of a survey and the time spent on instrument maintenance and
calibration. Such a system can collect regular profiles over a large depth range (e.g. 500 m) at high temporal
and vertical resolutions at fixed geographical location over continental slopes or in the open ocean during a
season or longer.

Fig. 4 Typical configurations of the Aqualog moorings.

Two profilers, the Polar Ocean Profiling System POPS (www.metocean.com/ProdCat.aspx?
CatId=1&SubCatId=8&ProdId=8) and the Ice-Tethered Profiler - ITP (Krishfield et al., 2008) - are
not included with the wire following profilers as they were designed for deployments from pack ice. They
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profile throughout depths of ∼10 - ∼800 m. POPS operates by changing its buoyancy and the ITP is motor-
driven, like the MMP and Aqualog profilers. Noticeably, the ITP was inspired by the concept of the MMP.
It is lighter than the MMP as its cylindrical section has an outer diameter of only 15 cm.

The ITP became a very successful observational platform for CTD and certain bio-optical measurements.
However due to oscillations of its cylinder-shaped body in currents, the ITP is unlikely to be a proper plat-
form for ocean current measurements. In contrast, other motor-driven profilers, such as the MMP and Aqua-
log, are hydrodynamically much more stable thereby enabling current observations using high frequency
ADCMs (see section 2.1). These high frequency current meters can reflect sound off smaller particles and
are more effective in clear, oligotrophic waters (i.e. the Gulf of Aqaba/Eilat; see section 5) than lower fre-
quency ADCPs.

Unlike the motor-driven ITP, MMP, and Aqualog profilers, another approach to wire-following profiling
technology is based on variable buoyancy. The ice-tetherers POPS was mentioned above. The two main
moored buoyancy-driven wire-following profilers are the externally powered/compressibility compensated
(EP/CC) Yoyo (Budéus 2009) and the SeaTramp PP2 (www.oceanorigo.com/seatramp.asp). Ap-
plications of both types of the wire following profilers (motor-driven and buoyancy-driven) have two major
constraints:

• a limit to perform profiling up to the sea surface and, consequently, the profilers cannot telemeter the data
directly to shore and a middleman-modem is needed.

• profiling range is limited by the battery capacity in the case of of SeaTramp PP2, and Aqualog and the
stock of the ballast members in EP/CC Yoyo.

To eliminate the second restriction a renewable energy source is necessary. Hence the SeaHorse profiler
was developed to utilize energy of modest surface waves although that approach does not work in high seas.
The underwater rechargeable system was tested with the MMP (Howe et al. 2007).

4 The Aqualog Profiler

The Aqualog profiler (hereinafter “the profiler”) is designed for autonomous long-term acquisition of verti-
cal profile time series of oceanographic variables (e.g. currents, density, dissolved oxygen, etc.). The profiler
(Fig. 5) comprises a carrier equipped with conventional oceanographic probes and an optional communica-
tion system. The profiler can be deployed from a rather small ship. Also, it can be mounted on a pre-deployed
mooring line by a dive team (Fig. 6) and then started by magnetic key in the water. Similarly, the profiler
can be retrieved by a dive team, provided its minimum depth is accessible. These features make deployment
easier and reduce mooring maintenance costs. The specifications of the profiler are discussed in more detail
below and are summarized in Table 3.

4.1 General Features

The profiler is streamlined and changes cross-sectional area gradually in order to reduce the form drag due to
effects of the vortices generated around the profiler in typical ocean currents. The profiler surface roughness
is also rather low due to a gel-coated skin. The profiler design uses modern plastics to enhance corrosion
resistance in the hostile ocean environment.
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Fig. 5 The Aqualog profiler in the waters of the Gulf of Eilat/Aqaba (Red Sea). 1 Mooring line, 2 Upper magnetic movement
limiter, 3 Upper guide roller, 4 Drive motor, 5 Lower guide roller, 6 TRDI Doppler volume sampler (acoustic Doppler current
meter).

Fig. 6 Transporting and mounting of the Aqualog profiler at a pre-deployed mooring line. Divers: Oded Ben-Shaprut (left) and
D.F. Carlson (right).
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Profiling Speed 0.1-0.3 m/s
Total profiling distance1 800 km

Environmental Depth range 5-1000 m
Ocean current up to 0.8 m/s

Buoyancy Maximum allowed ±6 N
Typical after ballasting ±3 N
Recommended ±1 N

Battery pack Alkaline D-size batteries Standard housing/ Extended housing 60
pcs 960 Wh / 72 pcs 1050 Wh

Lithium D-size batteries2 60 pcs 2760 / Wh 72 pcs 3310 Wh
Voltage 8.5 – 13.5 VDC
Peak pulse electric current 2 A
Current at sleeping mode 0.1 mA

Usability Turning on/off By magnetic switch or as preprogrammed
Indication of the status LED on the cowling
Programming GUI for MS Windows XP, Vista, 7

Typical measurements Parameters Pressure, conductivity, temperature, ocean
current velocity speed and direction3,
inclination, heading, acoustic
backscattering strength

Vertical resolution4

- pressure, conductivity,
temperature

0.05-0.15 m

- velocity 0.6-1.8 m
- acoustic backscatter 0.6-1.8 m

Accuracy
- pressure 0.04% of the range
- temperature 0.002 °C
- salinity 0.002 psu
- velocity 1% of measured value ± 0.5 cm/s
- acoustic backscatter 0.45 dB

Oceanographic probes
integrated at the profiler

Salinity, temperature and depth:

TRDI Citadel CTD ES, SBE 19 CTD / SBE 19plus CTD, RBR
XR-620 CTD, SBE 49 CTD, Idronaut Ocean Seven 316plus, CTD
SBE 52 MP CTD

Dissolved oxygen:
AANDERAA fast oxygen optode 4330F, SBE 43F sensor (with SBE
52 MP CTD or SBE 19plus CTD), Idronaut Dissolved Oxygen Sensor
(with Idronaut Ocean Seven 316plus CTD)

Acidification and redox:
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SBE 27 pH/Redox sensor, Idronaut pH sensor (with Idronaut Ocean
Seven 316plus CTD), Idronaut ORP sensor (with Idronaut Ocean
Seven 316plus CTD), Satlantic SeaFET pH sensor

Fluorescence and turbidity:
Seapoint Turbidity Meter & Fluo-rometers (Chlorophyll, Fluorescein,
Rhodamine, UV), Wet Lab FLBBCD Triplet for chlo-rophyll,
backscatter, CDOM, Turner SCUFA

Ocean current and acoustic backscatter:
Nortek Aquadopp current meter, RDI Doppler Volume Sampler,
AQUAScat1000 acoustic backscatter meter

Biochemistry:
Satlantic SUNA Deep Wiper nitrate sensor, SubChem APNA inorganic
nitrate, phosphate, silicate, Fe(II) probe

Communication Inductive modem SBE
IMM with cable coupler for
the plastic coated steel wire
Acoustic modems Benthos
ATM 885 and Evologics
S2CR

Dimensions5 Dimensions 1.2 x 0.35 x 0.65 m
Weight in air (no sensors) Approx. 69 kg

1 Without certain sensors consuming higher battery power; with extended pack of lithium batteries; in still waters
2 Optional
3 Measurement cell distance off sensor head ˜0.35–1.85 m
4 Depends on the profiling speed and types of the sensors
5 Subject to change without notice
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The proprietary Aqualog software allows the user to develop a custom profiling schedule by setting
the time of each profile cycle, maximum and minimum profile depths. The microcontroller unit (MU) of
the profiler supports input/output of the telemetry data (the profiling schedule and commands) from a MS
Windows PC. At the beginning of a profiling cycle the MU wakes the system up from ’sleep mode’ and
initiates ’profiling mode.’ The MU evaluates the condition of the electronic equipment by continuously
monitoring electric current and voltage. The MU controls both third party sensors and I/O connectors. After
completing a profiling cycle the MU initiates ’sleep mode.’ The MU operates the drive motor and calculates
profiling speed using pressure sensor data.

The drive motor (Figs. 5 and 6) propels the profiler up and down a taut mooring wire at speeds of 0.15-0.25
ms−1 and, during stops, fixes its position on the mooring wire, all while minimizing energy consumption. The
device features a direct-current motor with a gear-box and a magnetic cylinder shaft with rare-earth magnets,
inside and outside half-couplings, housing, bearings for half-couplings, and a drive-wheel with bracket, to
prevent shifting of the PVC-coated stainless-steel wire rope. Since 2012, the drive motor is housed in a
titanium pressure case to allow for profiling down to 3000 m.

Fig. 7 The Aqualog profiler drive motor.

A pressure sensor can be installed on the MU or, alternatively, the pressure data of the CTD can be used.
The former configuration provides redundancy in the event of CTD failure while the latter allows for a larger
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battery pack. Magnetic switches on the top and bottom of the profiler are used to detect special movement
limiters attached to the mooring line (Fig. 5), thereby defining the profiling depth range automatically.

Fig. 8 The inductive SBE IMM modem installed on the Aqualog profiler.

The overall profiling distance depends on the current velocity. The profiler can work in conditions of
rather strong horizontal flow up to 0.8 ms−1 and at mooring inclinations of 10-15◦(from the vertical axis).
Extended surveys can be conducted under moderate currents. For example, at a mooring site at 500 m depth
(i.e. 1 km profiling cycle) with maximum current magnitude of 0.3 ms−1, a battery pack composed of 72
Li/SOCl2 D-cells should suffice for a one year period of operation at a rate of one profiling cycle per day.
For shorter deployment periods, alkaline D-cells can be used (Table 3).

4.2 Third party instrumentation

The profiler can accommodate most modern oceanographic instruments and almost all configurations include
a CTD and an ADCM. The TRDI Citadel ES CTD, SBE 49 CTD and SBE 52 CTD are specially designed
for measurements from mobile platforms. They are compact, easier to integrate on a carrier, and are energy
efficient. However, they have no additional data I/O channels, except for the optional dissolved oxygen sensor
on the SBE 52 CTD. The RBR XR-620 CTD and the more bulky SBE 19plus and Idronaut 316plus CTDs
have a few I/O channels for the installation of additional sensors, such as a fluorometer or a turbidimeter. The
integration of such instruments on the profiler solves the problem of increasing versatility without increasing
the number of measurement channels. All sensors are turned on and off by the MU (see section 4.1). Vertical
resolution and accuracy depend on the sensors used and the profiling speed. For example, when the profiler
moves at 0.2 ms−1, the vertical resolution is 0.05-0.15 dbar for the pressure, and 0.8-2.4 m for dissolved
oxygen.

Profiles of water velocity are measured using high frequency ADCMs (see section 2.1) such as the TRDI
Doppler volume sampler (DVS) and the Nortek Aquadopp. ADCMs sample at high frequencies allowing for
high vertical resolution (0.6-1.8 m) velocity profiles down to great depths (Ostrovskii and Zatsepin 2011;
Carlson et al. submitted).

Ecosystem and water-quality monitoring are also possible through the use of specialized devices, for
example, the Franatech METS CH4 sensor and the Satlantic SUNA nitrate sensor, as well as the SubChem
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APNA sensor suite for dissolved inorganic nitrates, phosphates, silicates, and iron (II). Valuable experience
was gained by using the four-channel AQUATEC AQUAScat 1000 Acoustic Backscatter System in the
profiler for observations of the concentration and vertical structure of in-water suspended matter.

The ability to incorporate different instruments, even those that are bulky and heavy, makes the Aqua-
log system particularly flexible and tunable for different applications.

4.3 Communication Systems

The Aqualog profiler can accommodate an inductive SBE IMM modem (Fig. 8) and a hydroacoustic Benthos
ATM 885 modem to transmit the data and the telemetric information. The underwater acoustic modems
S2CR 7/17, produced by EvoLogics GmbH, are currently being considered for integration into the data
communication system of the Aqualog profiler.

The underwater acoustic communication system requires the telemetry surface buoy to be deployed as a
stand-alone mooring. The data communication system may also involve two links as follows: an inductive
modem data transfer via the plastic coated steel mooring wire between the profiler and subsurface mooring
and the data transfer via hydroacoustic channel between the subsurface floatation and the surface buoy.

4.3.1 Hydro-acoustic modems of S2C technology

Hydro-acoustic modems of S2C technology are multi-functional devices. Depending on the task, the
modems are equipped with particular set of modules and functions providing a user with the following
features:

• a means for single-stream high-bitrate data transmissions data link
• a means for asynchronous/parallel multi-stream data transmissions multichannel link with asynchronous/parallel

data flows or logical channels with adjustable priorities
• a means for transmission of control data with increased reliability (and decreased data rate) command

link; if the same modem is used for both the data link and the command link, a special mode for command
messages guaranties their urgent delivery as Instant Messages (out-of-order data blocks delivered without
interruption of other transmission streams).

A combined device, which enables the functionality of many devices from the list above, can be created
on the base of one single modem by supplying the modem with additional modules and functions (cost
efficient all-in-one-solution for many applications). The functionality explanations follow.

4.3.2 High bitrate single-stream data transmissions data link

A characteristic feature of S2C modems is the application of a carrier signal, which experiences continuous
and monotone frequency change in time. In underwater acoustic channels with discrete multipath structure
this technology enables the receiver to separate and suppress the discrete multipath components in time-
frequency domain (i.e., not only in time domain, but additionally and jointly in frequency domain as well).
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Another accompanying effect enables the receiver to compensate entirely for Doppler impairments of the
received signal owing to compensation of individual Doppler shifts of separate multipaths (instead of rough
compensation for averaged Doppler (averaged on a multiplicity of random and unresolved Doppler shifts of
various multipaths).

The modems enable for transmission of data with high bitrates keeping reliable connection to remote
receivers. Maximum bitrates comprise nominal values between 6.5 and 56 kbps (depending on the modem
model, frequency range, link distances, etc). Effective values of bitrates depend on channel complexity
and usually stay between 30 and 50% of nominal values (depending on coding rate and number of re-
transmissions in ARQ mode).

S2C modems were designed particularly for their implementation into small-size underwater vehicles (the
electronic part of the modem is 89 mm in diameter and 34 mm in height). In addition to its small size the
modems have low power consumption. In the “Wait for Acoustic Wake-Up” mode consumption is usually
between 10 and 20 mW (adjustable parameter). In the “Processing of Receive Signals” mode consumption is
1.1 W. In “Send” mode the consumption is between 3 and 40 W (adjustable parameter, as well). In “Wait for
Acoustic Wake-Up” mode the power consumption can be adjusted on the basis of tradeoff between durations
of two time slots: “listen-to-channel” and “stand-by”. Within the time slot “listen-to-channel”, the modems
can be activated via acoustic signal or electric signal from a host computer. In the time slot “stand-by”, the
modem can be activated via host computer only.

An important feature of the S2C modem is its ability to transmit in full duplex mode (simultaneous
transmission of data streams from opposite directions). Another important feature of the S2C modem is its
ability to compress data traffic in the physical channel due to filling of idle pauses (needed for delivery
of acknowledgements from the remote modem) with additional data blocks. In the current modem version
a time slot of a known duration is reserved for receiving acknowledgements. A shift of this slot along
the time axis depends on the link distance, which S2C modems are also aware of due to their ability to
accurately measure the actual link distance. Thus, both the slot length and the slot timing are deterministic,
and every other time interval (beyond the slot) can be used to transmit additional data. This approach provides
a significant improvement in terms of the channel efficiency.

4.3.3 Asynchronous/parallel multi-stream data transmissions multi-channel link

The S2C modem provides a regime of asynchronous/parallel multi-stream data transmission. Per default the
number of asynchronous channels is eight. Every data source asynchronously inputs its data into one of the
logical channels of the modem. The modem buffers all logical channels and inputs them into the physical
channel using the time division multiple access approach. The access of every logical channel to the physical
channel is limited in time according to its priority (user adjustable parameter). Every logical channel can be
associated with one of two RS232 interfaces and with up to eight pre-configured TCP/IP connections via
Ethernet interface. The maximum number of asynchronous data streams (logical channels) can be changed
(increased or decreased) in every stage of modem use with special configuration utility.

Multi-stream data transmission with adjustable priorities of logical channels can be used during data
delivery from the moored profiler to a surface ship, when telemetry data are transmitted with higher priority,
while other data with lower priorities. Priorities and number of logical channels can be set by means of the
configuration utilities. Additional feature per demand enables the possibility for remote configuration via
acoustic link.
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4.3.4 Transmission of control data with increased reliability command link

If the same modem is used to provide both data link and command link, an advanced scenario can be
employed, where, during upload of a large amount of data from a moored profiler, it is necessary to transmit
control commands in the opposite direction (to the profiler). In such a case, the modem performs a delivery
of the urgent control command without breaking or interrupting on-going transmission of the uploaded data.
The transmission of urgent commands is executed by means of a special algorithm of delivery of so-called
“Instant Messages” (“out-of-order” data blocks) on top of the data stream together with service data packets,
which are always transmitted over the channel with every cluster of user data (the cluster is a sequence of data
packs). The mechanism of delivery of the instant messages guaranties access to a physical channel within
a definite time interval. This interval is defined via the current size of a data cluster and current distance
of a data link. While the cluster size can be adjusted by the user via corresponding configuration utilities,
the channel access delay is a controllable/adjustable value. The mechanism of instant messages delivery is
applicable also in case of multi-stream data transmissions.

Yet, the main issue that should be resolved is the sufficient power source for the acoustic modem S2C on
the profiler. The long range acoustic link requires discharge of the battery in a sequence of short (0.00001-
0.00005 s) pulses of 2-6 at intervals of 0.005 s during the data transmission interval that may last up to 30
minutes. The battery should be designed specifically for this application requiring low background electric
currents combined with high current pulses.

Therefore the profiler can be delivered with a buoy complete with the inductive or the hydroacoustic
modems and with the firmware for mobile communication via GSM/GPRS, the ARGOS or IRIDIUM satel-
lite communication, and VHF radio communication. The profiler is, in essence, an oceanographic observa-
tory for real-time monitoring of the marine environment.

4.4 Performance of the Aqualog Profiler

In the past two years, the profiler was used for scientific research in the Baltic, Black, Japan/East, Kara,
Mediterranean, Red Seas. The profiler was also deployed in the Dead Sea (a hypersaline terminal lake located
in the Jordan Rift Valley). Research was carried out in various climates, for example, in February 2010 the
waters of the northern Japan/East Sea were partially covered with ice and the water temperature fell below
-1◦. A test of profiler survival was carried out in Dead Sea waters (salinity ∼280 g/kg) in cooperation with
Israel Oceanographic & Limnological Research and Geological Survey of Israel. The profiler functioned on
schedule in the depth range of 17 190 m during the one-week survey in October 2012.

The profiler mooring systems had rather small anchors of 100-150 kg except in the northwestern Mediter-
ranean Sea where the anchor was about 300 kg (Fig. 9). The profiler moorings were often deployed from
small-size ships, for example in the northeastern Black Sea, from a boat only 12 m in length and 22 t in
displacement. While strong storms often hit the Black Sea deployment area (particularly in winter) the sub-
surface mooring floatation was always deployed no deeper than 30 m. The profiler had to travel through the
pycnocline in the upper 200 m with typical currents of 0.1-0.7 ms−1.

Let us consider the Aqualog profiler performance during the survey in the winter 2011/12 in the northeast-
ern Black Sea in more detail. The profiler was deployed on October 31, 2011 and worked till the recovery
on April 17, 2012. The mooring coordinates were as follows 44◦29.44’ N, 37◦58.38’E. The mooring site
was located at the upper part of the continental slope at a depth of 265 m. The profiler automatically carried
out profiling cycles in the depth range 30 - 200 m every day at 00:00, 03:00, 06:00, 08:00, 10:00, 15:00,
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Fig. 9 Schematic drawing of the Aqualog profiler in Besos Canyon in the northwestern Mediterranean Sea (March-April 2012).

18:00, and 21:00. The profiling schedule was set as follows: the profiler descended from the parking depth
of 100 dbar down to 200 dbar into the anoxic zone, remained there for 3 min, ascended up to 30 m depth,
remained there for 15 min, and then descended down to 100 dbar. Each profiling cycle took about 52 min
and the profiler completed 458 profiling cycles during the survey. The profiler Aqualog operated reliably
at inclinations up to 17◦(as indicated by the current meter installed in the profiler; Fig. 10). The observed
maximum current magnitude, at which the profiler continued to steadily crawl along the mooring wire, was
approximately 0.75 ms−1.

Prior to deployment, the profiler was ballasted so that its weight in the water was equal to a predicted value
of the weight of the water the profiler displaces (to save energy). The profiler usually operates in the upper
layer of the ocean and, admittedly, prediction of the density stratification can be difficult due to year-to year
variability in weather conditions. The variability of density with time and depth (as observed by the CTD
on the profiler) from the winter 2011/12 Black Sea survey is shown in Fig. 11. The vertical thermohaline
stratification started to change dramatically early in February when northeasterly wind bursts brought the air
temperature down to the freezing point. The cold weather conditions prevailed until mid-March. Dissolved
oxygen measurements indicated that the upper 150-200 m layer of the sea was ventilated and the Black Sea
Cold Intermediate Layer water mass renewed (not shown). Overall, the winter of 2011/12 was the coldest
winter since the 1940s. This experience shows that a ballasting allowance should be intentionally introduced
in the profiler buoyancy specified. The profiler Aqualog is designed to work steadily while its buoyancy is
in the range 6 N.

Besides the buoyancy of the profiler itself there are additional forces that need to be considered. The
profiler drag grows proportionally to the squared speed of the flow. As a result, the friction in the guide
rollers and the drive motor wheel also increases. The mooring line bends under the flow, and the drag force
pushes the lower cap of the profiler up along the mooring line proportionally to the sine of the inclination
of the mooring line. The movement becomes slower owing to change in the virtual buoyancy of the profiler
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Fig. 10 Pitch (a) and roll (b) of the Aqualog profiler during the winter 2011/12 survey in the northeastern Black Sea.

with the water entrained beneath the cowling for some time after the beginning of the motion. Much more
tests are needed to evaluate the forces acting on the profiler while it moves underwater.

The real buoyancy of the profiler affects its profiling speed. Fig. 12 shows the change of the profiling
speed with the depth during both at the ascending and descending tracks of the profiling cycles for the
different ocean flows during the first part of the survey in November 2011 January 2012 in the northeastern
Black Sea. As follows from Fig. 12 the profiler was overloaded because the speed of the profiler descent was
slower than that of the ascent.

The electric current in the profiler drive motor circuit is shown in Fig. 13 for the flows with speeds less
than 0.03 ms−1 (as observed by the current meter on the profiler). The typical electric current used for
the profiler descent was in the range of 100-180 mA, while electric current during the ascent varied from
280 mA in the deep layer to 430 mA in the upper layer. Note that during the ascent, the electric current
was approximately constant in the upper layer (σT > 14.4) above the pycnocline (Figs. 11 and 13). In
February April 2012, the electric current used by the profiler to ascend/descend was 10-25% higher/lower.
There are two reasons for this change. One is due to the virtual buoyancy of the profiler with the water
entrained beneath the cowling (e.g., the profiler becomes ’heavier,’ and, therefore, more difficult to rise
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Fig. 11 Depth-time variability of density anomaly σT indicated by filled colored contours during the winter 2011/12 survey in
the northeastern Black Sea.

Fig. 12 Profiling speed vs. depth. The red/blue lines represent polynomial fits to the Aqualog profiler ascent/descent speed.
The thick red line represents the ascent speed under weak currents (U¡0.03 ms−1). The dashed red line represents the ascent
speed in currents ranging from 0.03 - 0.12 ms−1. The thin red line represents ascent speed during stronger currents (U>0.12
ms−1). The dashed thick blue line corresponds to the descent speed during weak currents (U<0.03 ms−1). The thin blue line
corresponds to the descent speed during stronger currents (U>0.12 ms−1). The green line is the vertical profile of the average
sea water density anomaly during November 2011 - January 2012

because it carries denser water beneath the cowling). The second is accumulation of sediments beneath the
cowling since the profiler often moved through the nepheloid layers over the continental slope. Thus the most
important factor is the overall buoyancy of the profiler, including the effect of the water entrained beneath
the cowling.

The most important environmental factor for the profiler motion is the drag incurred from frictional
resistance of the profiler body passing through ocean currents. Fig. 14 shows the power as a product of the
voltage and the electric current in the drive motor circuit. To avoid the effects of the density stratification on
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Fig. 13 Electric current in the profiler drive motor circuit vs. depth during periods of weak flow speeds (<0.03 ms−1) as
observed by the profiler in the northeastern Black Sea in November 2011 - April 2012. The red/blue triangles indicate the
average vertical distributions of the electric current during the profiler ascent/descent. Filled red (blue) triangles represent
profiler ascents (descents) during November 2011 - January 2012. Similarly, open red (blue) triangles represent profiler ascents
(descents) during February - April 2012.

the profiler movement, the power was computed for profiling within the layers where density anomaly σT
was in the range 13.5 - 14.4 in January 2011 - April 2012 (Fig. 11).

Fig. 14 Power consumed by the drive motor when descending through the 13.5 - 14.4 σT layer during January - April 2012.
The black solid line is the least square fit to the data.

The profiler moves through a water column at rather high velocity 0.15-0.18 ms−1. During descent, the
profiler tends to orient itself with the leading edge pointing into the prevailing horizontal flow. The velocity
of the profiler relative to the water is usually more than 0.15 ms−1 (i.e. Reynolds number, Re > 5 ∗ 104).
Hence it is assumed that the power is polynomial of degree 3 of the profiling speed relative to the water.
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Taking into account observed inclination of the mooring line, one can obtain the projection of the horizontal
flow speed on the mooring line. The sum of this component plus the profiling speed of 0.17-0.18 ms−1 as in
Fig. 12 indicates the velocity of the wire following profiler relative to the water.

While crawling down along the wire, the profiler drive motor usually required a comfortable 1-2 W
though much more power was needed to move the profiler down at higher flow speeds. According to the
observational data (Fig. 14), when the profiler speed relative to the water was doubled from 0.175 ms−1 to
0.35 ms−1 the typical value of the power grows from 1.1 W to 11.3 W.

The overall energy consumption during the profiler ascent was higher than that of the descent. When the
profiler crawled up along the wire in flow speeds lower than 0.2 ms−1, the power consumption by the drive
motor was ∼4 W in the layer where σT was in the range 13.5-14.4. The overall negative buoyancy of the
profiler was too large to be counterbalanced by the action of the upward force due to the current.

5 Application: The Gulf of Eilat/Aqaba (Red Sea)

5.1 Introduction

Understanding vertical ocean mixing is one of the most difficult challenges facing the oceanography and
climate communities. The importance of vertical mixing processes cannot be overstated as these processes
significantly affect the cycling of carbon and other biologically important nutrients, such as nitrogen and
phosphate, controlling to some extent the amount of carbon dioxide in the atmosphere and the oceanic
ecological system. Mixing also affects the Meridional Overturning Circulation (MOC) in the ocean, which
is a key player in the global climate system, transporting heat from low latitudes to high latitudes. To maintain
the MOC, mixing is required to bring the deep, dense water back to the surface (Garrett, 2003; Kunze and
Llewellyn Smith, 2004; Garrett and Kunze, 2007). Due to lack of sufficient data and understanding, and
because deep ocean mixing occurs over spatial scales that are much too small to be resolved by general
circulation models (typical horizontal grid sizes of tens of kilometers and typical vertical grid size of 10s of
meters), vertical mixing processes are poorly represented in present-day ocean and climate models (Legg et
al, 2006; Wahlin and Cenedese, 2006). This restricts our ability to understand the processes involved in past
climate changes and to predict future changes in the Earths climate.

Internal tides are generated in stratified fluids when the barotropic tide flows over topography, verti-
cally displacing isopycnal surfaces (Holloway and Merrifield, 1999). Internal tides extract energy from the
barotropic tide and can lead to mixing in the deep ocean (Holloway and Merrifield, 1999). Munk and Wun-
sch (1998) estimated that 2 TW (1 TW = 1012 W) are required to mix the deep ocean in order to maintain
the MOC and claim that 1 TW can be provided by the global wind field while Egbert and Ray (2000) assert
that the oceanic tide can provide the remaining 1 TW.

The Gulf of Eilat/Aqaba (hereinafter simply ’the gulf’) is separated from the rest of the Red Sea by a
shallow (∼250 m) sill at the Straits of Tiran (Carlson et al. 2012). Tidal exchange across the sill vertically
displaces isopycnals thereby generating internal waves at the semidiurnal tidal frequency. The internal tides
propagate along the gulf until they reach the northern terminus where they may reflect or break. Large
diurnal motions and seiches have also been observed, resulting in a complex internal wave field. The small
dimensions and great depths of the gulf (see section 5.2 below) make it an ideal natural laboratory for the
study of internal tides. An Aqualog profiler was deployed in the northern Gulf of Eilat/Aqaba near the
city of Eilat, Israel (Fig. 15) to study internal tides. The profiler collected density and velocity data in a
deep (200-500 m) water column at high temporal (8-24 profiles day−1) and vertical (1 m) resolution over
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Fig. 15 Top: The northern Red Sea and surroundings: (1) Mainland Egypt; (2) Egyptian Sinai; (3) Israel; (4) Jordan; (5) Saudi
Arabia. The Gulf of Eilat/Aqaba is the northeastern extension of the Red Sea, with the Sinai Peninsula to the west, Israel and
Jordan to the north, and Saudi Arabia to the east. Bottom: The northern Gulf of Eilat is shown along with deployment locations
and the 200 m, 400 m, 600 m, and 800 m isobaths. The northern Gulf of Eilat is located at the southern tip of Israel. The red
circle, green square, and yellow triangle represent the deployment locations in February 2011, June 2011, and March - April
2012. See Table 4 for more information.

extended periods of up to one month. The remainder of this subsection describes the study area, the profiler
configuration and deployments, and presents selected data.

5.2 Study Area: The Gulf of Eilat/Aqaba

The gulf is the sub-tropical, northeastern extension of the Red Sea (Fig. 15) and is unique in terms of its
physical and biological characteristics. The gulf is a long (∼180 km), narrow (6-26 km), deep (max. depth
>1800 m; average depth ∼800 m), marginal sea with a prevailing arid climate (Manasrah et al. 2007). Winds
are primarily northerlies, precipitation and run-off are negligible, and evaporation is high (Ben-Sasson et al.
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2009; Biton and Gildor 2011a). A shallow sill (∼250 m) at its southern terminus separates the gulf from the
main body of the Red Sea and restricts exchange between the two water bodies to the warmer upper layer
(Biton and Gildor, 2011b-c). Another shallow sill (137 m) near Bab el Mandab separates the Red Sea from
the Indian Ocean and, as a result, cold, dense, deep water from the Indian Ocean cannot penetrate into the
Red Sea or the gulf (Wolf-Vecht et al. 1992; Genin et al. 1995; Genin 2008). The gulf, therefore, is warm,
exceeding 20◦C at all depths, and hypersaline (>40 psu), with typical annual ranges of temperature and
salinity of 20-28◦C and 40.3 - 40.8 psu, respectively (Paldor and Anati 1979; Genin et al. 1995; Genin 2008;
Ben-Sasson et al. 2009; Cornils et al. 2007).

The density of seawater at such relatively warm temperatures is very sensitive to temperature changes
and, considering typical temperature and salinity variations in the gulf, is about three times more sensitive to
changes in temperature than to changes in salinity (Carlson et al. 2012). As a result, the density stratification
in the gulf is largely determined by temperature and depends on the annual cycle of the net heat flux (Biton
and Gildor 2011b). This fact is most pronounced in the response of the gulf to atmospheric forcing in fall
and winter. Heat loss from the sea surface to the atmosphere drives intense vertical mixing that leads to
the formation of an isothermal upper mixed layer whose temperature and vertical extent depend on the
cumulative effects of the surface heat flux (Carlson et al. submitted). The mixed layer routinely reaches 400
m and can exceed 850 m in extreme years (Genin et al. 1995) though considerable interannual variability in
the depth of maximum mixing has been observed (Carlson et al. 2012). The mixed layer typically reaches its
maximum vertical extent and minimum temperature in February or March. Atmospheric conditions in the
region during fall and winter are similar to other arid, sub-tropical locations, yet the response of the gulf is
more dramatic than other water bodies at comparable latitudes (i.e. the eastern Mediterranean; Genin 2008).

The stratification is also sensitive to the warm surface waters that enter through the Straits of Tiran from
the northern Red Sea. The exchange flow between the two water bodies reaches a maximum in early spring
and it is this advected heat that is responsible for rebuilding the stratification in the upper 200 m of the water
column (Biton and Gildor 2011b). Stratification conditions in the gulf, therefore, exhibit strong seasonality
that can be divided into the mixing phase (September - March) and the re-stratification phase (April - August;
Biton and Gildor 2011a-c).

The warm water temperatures and narrow annual temperature range permit a diverse tropical coral reef
ecosystem to flourish in the gulf in spite of its sub-tropical location (Genin 2008). Given the sensitivity of the
gulf to both the atmosphere and the exchange with the Red Sea, changes in regional climate could alter the
relatively stable environment and threaten the continued existence of the tropical coral reefs. Additionally,
the strength and structure of the stratification in the gulf has significant impacts on tidal currents (Carlson et
al. 2012; Monismith and Genin 2004; Genin and Paldor 1998), nutrient availability (Meeder et al. 2012), and
the timing and intensity of algal blooms (Genin et al. 1995). Most previous studies of the stratification were
limited to monthly, weekly, or irregularly spaced data that did not resolve the high-frequency variability.
The Aqualog profiler therefore, was deployed in the gulf to document the high frequency variability of the
stratification.

5.3 MPC Configuration and Deployments

An Aqualog profiler was initially equipped with a Teledyne RDI Doppler volume sampler (DVS; Plimpton
and Mullison 2008) and a RBR XR620 CTD. The DVS has an embedded Seabird SBE38 thermistor for
more accurate determination of sound speed (Plimpton and Mullison, 2008). The DVS measured water
velocity and temperature at rate of 5 Hz and recorded an ensemble average every 6 seconds. The DVS
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recorded currents over a 0.5 m bin 0.7 m away from the transducer head. The CTD measured conductivity,
temperature, and depth at a rate of 6 Hz. The profiler traveled along the mooring wire at 0.2 ms−1 and the 6
second ensemble average of the DVS set the maximum combined vertical resolution to 1.2 m. The DVS and
CTD were installed facing downward so only descending portions of each profile were used. The inductive
modem option was not used and data were stored internally.

Table 4 The instrument configurations and profiling schedules during the three deep deployments of the MPC in the northern
Gulf of Eilat are described in detail. The instrument prefixes RBR, TRDI, and SBE correspond to RBR Ltd., Teledyne RDI, and
Seabird, respectively. The acronym ‘DVS’ stands for Doppler volume sampler. The deployment locations are shown in Figure
15.
Deployment Location Deployed

period
Profiling
Range (m)

Total
Depth (m)

Instruments Variables
Measured

Profiles
per day

1 29.4933N,
34.9487E

02-07 Feb.
2011

35-520 600 RBR XR620, Cond./Temp./
Pres.

6

TRDI DVS Velocity/Temp.

2 29.5153N,
34.9626E

16-29 June
2011

30-200 230 TRDI DVS Velocity/Temp. 24

3 29.4969N,
34.9501E

11 Mar. to
11 Apr.
2012

35-525 550 SBE49 Cond./Temp./
Pres.

8

The profiler was deployed in deep water in the gulf 2-7 February 2011, 16-29 June 2011, and 11 March
- 11 April 2012. The external connector on the RBR XR-620 CTD failed during the first deployment. The
profiler, therefore, was equipped only with the DVS on the second deployment. Due to an issue with the DVS,
the profiler was equipped with a Seabird SBE49 CTD for the third deployment. The profiler configurations
are summarized in Table 4 and the deployment locations are shown in Figure 15b.

5.4 Large amplitude internal waves

5.4.1 Winter interfacial waves

Regardless of the depth of winter mixing, the water column transitions to a two-layer fluid during fall and
early winter (Carlson et al. submitted). The height of the upper and lower layers change in response to the
depth of the mixed layer and the thickness of the interface separating the layers decreases as the surface
mixed layer increases in depth and decreases in temperature. The amplitude of interface displacements is ex-
pected to increase as winter progresses and the density difference between the two layers decreases, thereby
reducing the gravitational restoring force (Carlson et al. submitted).

The first winter deployment, while only five days in length, obtained the first ever, regular, high tem-
poral and vertical resolution profiles of density and velocity in the deep waters of the northern gulf. The
temperature data show that the water column was essentially a two-layer fluid separated by a thin interface
(Fig. 16a). The depth of the interface (identified by the 21.6◦C and 22◦C isotherms) ranged from ∼320 m to
∼220 m with oscillations at both diurnal and semi-diurnal frequencies (Fig. 16a). The temperature profiles
also show the gradual cooling of the upper layer, presumably due to heat loss to the atmosphere.
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Fig. 16 Contour plots of temperature and velocity during the 2-5 February 2011 deployment of the Aqualog moored profiling
carrier. (a) Contours show the temporal and depth evolution of temperature and reveal a two-layer structure with warmer water
overtop slightly colder water. The regular profiles captured large amplitude interface displacements due to internal tides. (b)
The meridional (north-south) component of the velocity also depicted by contours. The temperature interface is also marked
by thin black lines. Vertically coherent bands reveal the periodic internal tide. Strong shear at the interface and nearly vertical
isotherms suggest the possibility of instability at the interface. (c) The zonal (east-west) component of the velocity also indicated
by contours. The contour scale is the same in (b) and (c).

The velocity profiles show appreciable current magnitudes (∼15 ms−1) over the entire profiling range and
represent the first observations of currents at depths exceeding 500 m in the northern gulf (Fig. 16b-c). The
continuous vertical velocity profiles also revealed coherent vertical structures. Meridional (Fig. 16b) and
zonal (Fig. 16c) velocities both exhibited strong shear at the interface. Periods of strong shear also coincided
with steep (nearly vertical) interface displacements (Fig. 16a).

The semi-diurnal internal tide was more coherent in both depth and time in the lower layer (Fig. 16b-
c). The decreased coherence in the upper layer was likely due to interactions of the semi-diurnal internal
tide with other low-frequency variability, such as convective mixing. The strongest southward currents were
observed 5-6 February during episodes of strong shear across the interface (Fig. 16b).
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5.4.2 Summer internal tide

In contrast to the two-layer system observed in winter, the upper 200 m was continuously (stably) strati-
fied during summer 2011 (Fig. 17a). The hourly profiles recorded an active semi-diurnal internal tide with
amplitude ∼40 m (Fig. 17a). Isotherms were also displaced at a lower frequency with amplitude ∼30 m
and examination of longer sea level measurements (not shown) reveals the source of the lower frequency
oscillation to be the spring/neap cycle (Carlson et al. submitted). The combined temperature and velocity
measurements show depression of isotherms during flood tide and elevation during ebb, peaking just prior
to the onset of the next flood (Fig. 17).

Warmer and lighter water entered the study area during the latter half of the deployment and slid over
top the pre-existing stratification, depressing the entire water column below it (Fig. 17a). The 22◦C isotherm
was pushed below 200 m (the lower extent of the profiling range), the 23.2◦C isotherm moved from ∼50
m to ∼125 m, and the 23.8◦C isotherm only entered the upper portion of the study area near the end of the
deployment (Fig. 17). The strongest pulse of warm water observed during this deployment occurred 24-26
June 2011 and disrupted the amplitude and phase of the semidiurnal internal tide (Fig. 17).

5.4.3 Winter-spring transition and diurnal motions

The March-April 2012 profiler deployment captured well-mixed winter conditions (the water column was
completely mixed down to depths exceeding 500 m) and the transition to spring conditions (Fig. 18a). The
water column warmed by 0.05-0.10◦C at the beginning of the deployment but this warming was likely
negated by the effects of surface heat flux and convective mixing as the entire water column cooled around
22 March. A warmer water mass entered the region around 3 April, affecting most of the water column and
signaling the transition from winter to spring. The upper 200 m warmed by nearly a degree in a matter of
days. Such episodic events can only be captured by repeated profiling.

The SBE49 CTD resolved very small temperature gradients and the repeated profiling revealed that large
amplitude motions can be present even when the water column is thought to be completely mixed. Large
amplitude (100-150 m) isotherm displacements at diurnal frequency were observed over the week-long
period 20-27 March (Fig. 18b; Carlson et al. submitted). These large amplitude diurnal motions were likely
due to strong diurnal wind forcing during this time period (Carlson et al. submitted). Furthermore, these
motions occurred during “well-mixed” conditions, indicating the importance of weak temperature gradients
and the need for high accuracy, high resolution measurements.

5.5 Conclusions

The acquisition of high vertical resolution profiles of density and velocity at regular intervals over extended
periods allows for detailed study of internal tides, and other important physical and ecological processes.
The profiler data collected in the northern Gulf of Eilat permitted depth-time tracking of isotherms that
revealed large amplitude variability in the stratification due to the semi-diurnal internal tide. The internal
tide typically generated large amplitude (∼100 m peak-to-peak) isotherm displacements during stratified
conditions. The profiler data also captured interactions of the semi-diurnal internal tide with low-frequency
flows and intermittent pulses of advected heat. Future studies of internal tides in the gulf will focus on the
transfer of energy to higher vertical modes, instability, and, ultimately, breaking and turbulence.
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Fig. 17 Contour plots of temperature and velocity during the 16-29 June 2011 deployment of the Aqualog moored profiling
carrier. (a) Hourly profiles of temperature over the upper 200 m of the water column show an active semi-diurnal internal
tide with the influence of the spring-neap cycle. Isotherm displacements are large, reaching amplitudes of approximately 40
m. A pulse of warm water entered the study region at the end of the deployment, as indicated by a rapid increase in surface
temperature and the depression of isotherms. The pulse of warm water also temporarily disrupted the amplitude and phase
of the semi-diurnal internal tide. (b) The meridional (north-south) component of the velocity shows the periodic internal tidal
currents. In contrast to the February 2011 deployment (Fig. 16) considerable depth-variability in the currents was observed.
The 22◦C, 22.6◦C, 23.2◦C, and 23.8◦C isotherms are overlaid and show that some of the depth-dependence in the velocity is
related to vertically oscillating isotherms. The pulse of warm water also disrupted the tidal currents. (c) Similar to (b) but for
the zonal (east-west) component of the velocity.

Achieving high vertical resolution temperature/density measurements over large depths is impractical
with fixed-depth moorings. Similarly, acquiring high temporal resolution profile measurements from a stan-
dard research vessel is both labor intensive and expensive. Wire-following profilers, in particular the Aqualog
profiler, present a proven, cost-effective observational platform for extended studies of ocean dynamics and
water quality in a variety of environments.
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Fig. 18 Repeated profiles of potential temperature for the entire deployment period (a) and over one week period 20-27 March
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