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Observations and Collections at Sea
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OCEANOGRAPHIC VESSELSAND THEIR FACILITIES

. Vessels

For purposes of oceanographic research, a very sturdy, seaworthy
vessel capable of working under practically all weather conditions and
of withstanding any storm is required. Vessels engaged in marine
investigations can be broadly classifiedas either oceanic or coastal types,
depending largely upon their size and cruising radius, but the two cate-
gories are not sharply defined, since large vessels may be used for near-
shore investigations and relatively small vessels sometimes extend their
operations far out to sea. In the following discussion, vessels and
equipment used in coastal surveying and in the study of fisheriesproblems
will not be described, although vessels engaged primarily in such work
are sometimes employed in oceanographic investigations. Practically
any vessel, small or large, can be used for certain types of investigations,
but rarely is any single craft, unless specially designed, suitable for all
kinds of oceanographic work. One of the chief requirements of oceano-
graphic vessels operated by private or small organizations is economy of
operation. This generally means a relatively small craft with low main-
tenance cost which can be handled by a small crew. Vessels owned or
operated by national agencies, such asthe Meteor(Germany), Discover&11
(Great Britain), and Wi.ltebord i%eti%us (Netherlands), are generally
fairly large, but in most cases they serve a dual purpose. For example,
the Meteor was used as a naval training ship and as a survey vessel, and
the fi%eltiuswas especially built for surveying work in the Netherlands
East Indies.

The following features are desirable in vessels that are to be used in
ocetmographic research:

1. Sturdinessand seaworthiness,large cruiiing radius, and accommo-
dations for laboratory work and the storage of collections.

2. Low freeboard in order to make possible the handling of instru-
ments near the sea surface and to reduce the wind drift when hove to at
stations.
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3. Sails to increase the cruising radius, to provide a safety factor in
case of enginebreakdown, and to improve the working conditions on board
by reducing the roll and vibration when under way. Riding saik to
steady the vessel when hove to at stations and to reduce the leeway by
keeping the vessel headed into the wind.

4. Sufficient clear deck space for the installation of winches and
for handling bulky equipment such as trawls and dredges.

In table 57 are listed certain representative vessels that have been
extensively used in oceanographic investigations. Those owned by
national agencies are large, over 200 feet long, and carry large crews,
while, on the other hand, vessels owned and operated by institutions are
generally between 100 and 150 feet long and carry crews of less than
twenty. During the nineteenth century the practice of utilizing only
large craft in oceanographic work made it impossible for private organiza-
tions to engage in independent and systematic investigations. However,
13jorn Helland-Hansen, of the Geophysical Institute in Norway, con-
vinced that small vessels could. be used effectively, had the Armauer
Hansen built to conform to his ideas. This small vessel, only 76 feet
long, has carried out both intensive and extensive work in the North
Atlantic and has ably confirmed Helland-Hansen’s thesis. Following
his lead, other private institutions have purchased or built small vessels ~
that can be economically operated.

Winches

Winches used in oceanographic investigations vary so widely in con-
struction that it is impossible to describe any standard designs. The
type and design of winches depend not only upon the character of the
work contemplated but also upon the size of the vessel, the space available
for the installation, the length of wire rope to be carried, and the power
for operating the winch. Details of construction and installation of the
winches on the vessels liited in table 57 may be found in the references
cited.

Winches may be classified under three headings, depending almost
entirely upon the strength of the wire rope they carry.

Sounding winches are relatively light. They carry single or multi-
strand wire of small diameter and are designed for sounding and for
obtaining bottom samples with light gear. Sometimes they can be used
for other types of oceanographic work. An electric powered deep-sea
soundhg winch is described by Parker (1932).

Hydrographic winches are moderately stout. They carry somewhat
heavier wire than the sounding winches and are designed for handling
water-sampling devices, thermometers, and plankton nets. Since the
introduction of sonic sounding methods, winches especially designed for
taking wire soundings are not so common, and hence hydrographic
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winches may be used when it is necessary to take wire soundings or
bottom samples.

Heavy winches are strongly built to carry the largest and strongest
cables. They are used for dredging, trawling, anchoring in deep water,
and for any other work requiring heavy equipment or the ability to
withstand a great strain,

The construction of winches depends not only upon the size of wire
rope handled, but also upon its length, since those carrying small amounts
m!ed not be so large or so strong as those that must handle several
thousand meters of wire rope. For investigations in the open sea,
winches should carry at least 5000 m of cable, and for studies in the
deeps, more than 10,000 m may be required. Winches carrying only a
few hundred meters of wire rope can be cheaply built and, if necessary,
operated by hand. However, heavy winches and those carrying large
amounts of wire are always power driven. Winches may be operated
by steam, as on the Discouery II, by gasoline or diesel motors coupled
directly to the winch, by the main engine through some suitable mecha-
nism, or by electric motors. Because of its economy of operation and
its flexibility, steam is in many ways the most desirable source of power
for winches, but it is practical only on steam-driven vessels. Oceano-
graphic winches are now most commonly operated by electric motors.
It is essentialthat all winches, particularly those used in handling water-
sampling devices and nets, have a considerable range in speed of lowering
and hauling in. They must also be capable of being controlled quickly
and accurately so that instruments can be lowered to a predetermined
depth and raised to a convenient level above the water for examination
or removal from the wire. The maximum rate of haul on the hydro-
graphic winch should be about 200 m/min. If electric motors are used
to operate winches, speed control is obtained by the use of rheostats.
In certain installations, reduction in speed also reduces the homepower
of the motor, but such designs should be avoided, because heavy loads
must be hauled in slowly.

Electric motors mounted on deck must be waterproof, and the winches
themselves must be so constructed that they can be readily lubricated
and protected from corrosion by salt water. Winches carrying large
amounts of wire rope must have drums with extremely staunch flanges;
otherwise, the packing of the wire may break the flanges away from the
core when the winch is hauling in under tension,

Spreaders of some type are necessary to lay the wire smoothly and
evenly on winch drums that carry large amounts of wire rope. If no
provision is made for such spreaders, the wire may accumulate unevenly
on the drum, causing the strands to break down and, what is more serious,
causing the wire to slip down between the underlying coils in such a way
that when payed out again it may be badly snarled. Spreaders may be
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operated by hand, but are generally an integral part of the winch and
are mechanically operated.

The hydrographic and sounding winches are customarily placed ,on
deck near the rain where they cambe conveniently operated and where the
wire rope will clear obstructions on deck and on the hull. The heavy
winch, which is more bulky, must be installed in such a way that it can
be strongly supported, can withstand heavy loads, and will not affect
the stability of the vessel. On smaller craft it is commonly installed
amidshipsbelow deck or, sometimes,half sunk below the deck level. The
axis of rotation of the heavy winch is generally athwartships.

Wire R9pesad AccessoryFit’tings

Wire ropes used in oceanographic work must have the following
properties:

1. They must be of strong material so that rope of relatively small
diameter can be used, thus reducing the bulk of the winch.

2. They must be flexible and not liable to kink or unravel.
3. They must be made of a metal that is resistant to corrosion, and

thus long-lived, and free from materials that will contaminate water
samples and plankton catches.

Such requirementsare best answeredby multistrand ropes of stainless
steel, but this alloy is expensive, and in practice tinned or galvanized
steel ropes are satisfactory. Phosphor-bronae and aluminum-bronze
ropes are also used, as they are noncorrot~ng, but they are only about
one half as strong as steel and their Me is lirrited because they crystallize
with use and lose their strength. Many wire ropes have hemp cores,
but these are not so satisfactory as ropes with wire cores, because the
hemp may shrink and break when submerged, and it is also liable to rot
unless specially treated. High-grade manila rope is about one tenth
as strong as steel rope of comparable diameter.

The strength of steel ~epends upon its composition and treatment
and varies from about 50,000 to 400,000 lb/in2. Steels employed in
wire ropes are usually of relatively high tensile strength, the tensile
strength of the rope increasing with decreasing diameter of the individual
wires. The greater strength of a rope made up of smaller but more
numerous wires is offset, however, by the greater surface offered for
corrosion and by the greater likelihood of the individual wires breaking
after a certain amount of wear.

Single-strand wire of the type known as piano or music wire is used
for deep-sea sounding and for running taut-wire traverses (p. 342).
This wire is of extremely high tensile strength, but is stiff and liable
to break if kinked. If no bottom sample is required when sounding at
great depths and in taut-wire traverses, the wire is usually cut away, as
it is not worth the time required to reel it in again. Piano wire of



336 OBSERVATIONS AND COLLECTIONS AT SEA

0.8 mm diameter (No. 21, B & S gauge) has a breaking strength of about
240 lb. Stranded wire, which is used on shallow-watersounding machines
(for depths of less than about 1000 m), consists of seven tightly twisted
doub~e-galvanized wires of 0,5 mm diameter (No, 24, B & S gauge).
This seven-strand wire has a breaking strength of over 500 lb, is quite
flexible, and can be used for handlhg many types of light oceanography
gear.

The wire ropes used on the hydrographlc and heavy winches are
,generally of either the 7 X 7. or the 7 X 19 types. A 7 X 7 wire rope
consists of six strands, each composed of seven individual wires that
are wound around a central core strand which itself contains seven wires.
A 7 X 19 wire rope is similarly constructed, but each of the seven strands
contains nineteen individual wires. The 7 X 19 ropes are slightly
heavier than the 7 X 7 type, and the ropes of smaller diameter are
considerably stronger, but the small size of the individual wires is a
disadvantage. Ropes of the 7 X 7 type with diameters between about
one eighth inch and one quarter inch are sufficiently flexible for oceano-
graphic. use, but, to obtain the desired flexibility in larger ropes, it is
necessary to employ 7 X 19 rope on the heavy winch. In table 58 are
given the characteristics of 7 X 7 galvanized steel ropes of the type
known as aircraft cord.

For most purposes it is considered that the working load of wire
rope should not be more than one fifth of the breaking strength—that is,
a safety factor of five. In marine investigations it is sometimes impos-
sible to maintain such a high factor of safety, but, if the anticipated
strain is known, the diameter of the wire should be such that the maxi-
mum load is never more than half the breaking strength. There is not
only the danger of losing valuable equipment, but also the hazard to
those on deck if the wire should break near the water surface. Steel
has a greater elasticity than bronze, and the safety factor must be some-
what greater when bronze ropes are employed.

When great lengths of wire rope are paid out, the weight of the rope
in the water may approach the breaking strength and exceed the safety
factor of five, even when there is no gear suspended from the rope.
Ropes of the type listed in table 58 exceed the safety factor of five when
more than 4000 m of wire are suspended in the water. When taking
water samples and temperatures or other observations with light gear
where there are no sudden strains upon the rope, the safety factor may
be reduced and the work extended to great depths. However, in trawl-
ing, dredging, and taking cores of the bottom sediments, and when
anchoring in deep water, the equipment must be such that it can with-
stand a heavy working load in addition to the weight of the wire rope.
The increased working strength necessary for observations in deep water
is gained by using tapered wire ropes, which are of the smallest diameter
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at the free end and increase by stages toward the inboard end. When
working with apparatus on the bottom where there is danger of folding,
a weak link should be introduced between the wire rope and the equip-
ment. This link will part if the load approaches the breaking strength
of the rope and will either release the whole instrument or transfer the
strain to some other part of the device in such a way that it will pull
free.

TABLE58
CHARACTERISTICSOF GALVANIZEDSTEELAIRCRAFTCORD ,

(7 Strandsof 7 WiresEach)

Diameter

Millimeters

3.18
3.97
4.76
5.56
6.35
7.94
9.52

11.10
12.70

Inch

Weightinairper100m

Kilograms

3.6
6.9
8.6

12.3
15.6
24.9
34,2
45.8
62.6

Pounds

8.0
15.3
19.0
27.2 ‘
34.4
54.8
75.5

101.0
138.0

Breakingstrength

Kilograms

610
1,180
1,450
2,090
2,630
4,200
5,900
7,400

10,200

Pounds

1,350
2,600
3,200
4,600
5,800
9,200

13,100
16,400
22,500

DatathroughCourtesyof JohnA. Roebling’sSonsCo.,Trenton,NewJersey,

Many preparations are on the market to be used for the preservation
of wire ropes. Whether or not any of these are suitable depends upon
the manner in which the wire rope is to be used, as those which flake off
will contaminate plankton samples and other collections. Relatively
frequent application of used crankcase oil is a satisfactory method for
preserving steel ropes. The oil is applied before the rope is first placed
in the water, and thereafter at intervals, particularly when the rope will
not be in service for a long period.

The wire rope used on the hydrographic winch must be smooth and
free from kinks or stray broken wires that will prevent tbe passage of
messengers or weights. Where a break or other damage necessitates a
join, wire rope may be repaired with a long splice, which does not mate-
rially increasethe diameter of the wire or decrease the breaking strength,
Kinks that form in the wire should never be pulled out, but should be
eliminated by untwisting the wire, straightening the strands, and realign-
ing them.

Sheaves are always necessary for leading the wire rope outboard.
They should be free-running and of such diameter that the wire passing
over them will not be cramped or strained, Unless the circumstances
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make such size impmcti,cal, the diameters of the sheaves should be at
least thirty times, preferably fifty times, the diameter of the rope. All
sheaves must have guards to prevent the wire from slipping between the
wheel and the frame.

An essential part of the equipment for each winch is a meter wheel
(fig. 83) for measuringthe amount of rope payed out. A meter wheel is a

sheave with a wheel of appropriate cir-
cumference fitted with a device that
records the number of revolutions. The
device is so designed that the difference
between two readings of the dials gives di-
rectly in meters, fathoms, or feet the
amount of wire that is run out or hauled
in. For soundings and for obtaining tem-
peratures and water samples the meter
wheel must be carefully constructed and
checked from time to time for wear. The
effective diameter of the wheel is its own
diameter plus the diameter of the wire
rope. The meter wheel may be mounted
on the boom or davit that leads the wire
outboard, or it may be built into the
spreader on the winch. The latter ar-
rangement is a convenient one because the
winch operator can then see the recorder at
all times. If the meter wheel itself is in
such a location that the dial is not read-
ily seen, recorders operated by a flexible
speedometer cord may be mounted in a
more convenient place. To avoid slippage
of the wire rope over the meter wheel,
the angle of contact should be at least 90
degrees.

The wire rope is led outboard from the winch through sheaves and
finally from a boom or davit extending out over the side of the vessel on
the windward side. The lead from the heavy winch must be approxi-
mately amidshipsbecause, when dredging, the vesselmust be maneuvered
under sail or power, which is possible only if the wire rope is suspended
from a sheave near the middle of the vessel. To avoid striking the side
of the vessel the outboard leads should be arranged so that the wire,
when hanging vertical, is several feet away from the hull, and to facilitate
the handling of gear it is usually necessary to have a working platform
extending out from the hull and large enough to accommodate two men.
If the wire rope on the heavy winch is used for deep-sea anchoring,
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sheaves must be arranged so that the rope can be led forward and over
the bow.

Sudden strains on the wire rope that may be caused by the rolling
of the vessel or by fouling equipment on the bottom are a hazard to both
the apparatus and the wire. These strains may be equalized somewhat
by the use of accumulators, which are usually coil springs mounted with
one end secure and the other end attached to the sheave through which
the wire rope passes. Accumulators can usually be calibrated so that the
extension or compression of the spring may be used to measurethe strain
on the wire rope. Some types are secured to the outer end of the boom
or davit with tbe meter wheel or a plain sheave attached to the

“free end, or they may be an integral part of the davit or winch. The
strain on the accumulator may be used in deep soundings to determine
when the weight strikes the bottom, and in dredging and trawling it
should be watched so that sudden strains may be eased by slacking off
on the winch. Special devices known as dynamometers maybe used to
measure the strain on the wire rope.

Shipboard Laboratories

The location of laboratories on shipboard, the amount of space
devoted to them, and the facilities installed depend upon the size and
nature of the vessel and the types of investigations to be made. The
laboratories may be classifiedas deck laboratories and analytical labora-
tories. The deck laboratory opens on the deck and is used for storing
certain oceanographic equipment. There the reversing thermometers
are read, water samples are drawn from the sampling device, and certain
preliminary steps are taken in the preservation or preparation of water
and plankton samples. The deck laboratory should contain racks in
which the water-sampling bottles may be placed as soon as they are
removed from the wire rope. These racks should be so arranged that
the temperatures can be read and the water samples can be taken out
without removing the bottles. Space should be provided for the glass
bottles in which the water samples are transported, for certain chemical
reagents, and for the solutions required for the preservation of biological
material, A bench where records and labels can be prepared is also a
great convenience. A large sink with running fresh and salt water is
very useful, and the deck should be watertight and provided with drains
because water is spilled in filling the glass bottles. Deck laboratories
are a great asset on oceanographic vessels, particularly in bad weather
and at night, as much more satisfactory work can be done under shelter
where there is good illumination.

The rmalytical laboratories are usually located below decks where
thereisthemost spaceand wherethe motion of the vessel isat a minimum.
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Vibration transmitted through the vessel from the engines and motors is
often more troublesome in the laboratory than the roll or pitch of the
vessel,and consequently the engineashould be mounted, when practicable,
on flexible springs or on cork or rubber. The equipment used in the
laboratories will generally be identical with that used on shore, but
the benches, storage space, and methods of securing apparatus to the
benches must be adapted to work at sea under any conditions. Work
benches are usually of such a height that the worker can be seated on a
stool or seat that is fixed in place and so arranged that he can brace
himself with his legs, thus leaving his hands free. In some cases provi-
sions are made for a bench mounted on gimbals, but the advantages of a
relatively level surface are often outweighed by its unsteadiness. All ‘
apparatus must have suitable storage compartments in which there is
no danger of the apparatus failing out or smashingtogether in a high sea.
Burettes and other instruments, while in use, must be secured to the
bench or to permanent burette stands.

The analytical laboratory should be provided with running fresh
water and a source of distilled water. The latter may be carried in large
bottles or, preferably, in specially installed tin-lined tanks. On a long
cruise it may be necessary to provide distilling appartttus. When living
organisms are to be investigated, a source of cooled sea water or a cold
box is necessary. A cold box is also desirable for preserving water or
sediment samples for bacteriological examination.

Laboratory work on shipboard is usually kept to a minimum because
of the undesirable working conditions that arise from the cramped space,
the motion of the vessel, vibration, and the time required for merely
collecting the samples. However, there are certain chemical tests that
must be made immediately after the samples are collected, and generally
these must be made on board. The methods of analysis are referred to in
chapter VI. On longer cruisesit may be necessaryto do more of the work
on board, but in such cases the analyses may be done when the weather
conditions are favorable or when the vessel is in port or at anchor.
Biological work on board the vessel is limited in character, since most
specimens can be preserved for later examination ashore and because
vibration and motion of the vessel make the use of microscopes virtually
impossible.

Samples of water, organisms, or sediments that are to be examined
ashore are usually not stored in the laboratory but must be kept in a
place not subject to wide ranges in temperature or to extreme tempera-
tures. High temperatures lead to the disintegration of the rubber
washers used on most bottles and thus permit evaporation, which will
ruin the specimens. Fluctuating temperatures may loosen the stoppers
and lead to evaporation, or may even break the bottles. Freezing
temperatures must also be avoided, owing to the danger of breakage.
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OBSERVATIONS AND COLLECTIONS

Positionsat Sea

The geographical location at which an observation is made must
be known. The greaterfrequency with which observations arenow taken
makes it necessary to know the locations of sampling very accurately,
and hence special methods of determining positions at sea have been
developed. Accurate knowledge of locations is particularly necessary
in surveying, where the introduction of sonic sounding methods has
made it possible to take large numbers of soundings.that must be pre-
cisely plotted in order to bring out the true configuration of the bottom.
The specialized techniques developed by such organizations as the U. S.
Coast and Geodetic Survey have not yet been used for general oceano-
graphic work, but the methods may be adopted for the study of special
problems,

When in sight of land where recognizable features are accurately
located, the position of the vessel may be determined by means of hori-
zontal angles and bearings on shore features. Out of sight of land the
position can be determined by astronomic sights or by radio direction-
finderbearings. Between positions establishedin these ways the location
at any time is obtained by dead reckoning—namely, from the course
steered and the dktance run. Such methods are adequate for most
oceanographic work, but, where greateraccuracy is required, as in offshore
surveying, positions found in this way are not commensurate with the
accuracy and frequency of soundings. In certain cases an anchored
vessel or buoy whose position can be exactly established by repeated
astronomic observations is used as a point of reference. Since 1923
the U. S. Cow% and Geodetic Survey has experimented with sonic
methods of locating positions and has developed them to a high degree of
accuracy. In radioacoustic ranging (usually designated as R.A.R.), the
surveying vessel drops a depth bomb that is fired by fuse or electricity.
The sound of the explosion is picked up by a hydrophore on the vessel and
recorded on a chronograph. The impulse of the explosion, which travels
in all directions, is picked up by hydrophones attached to shore stations,
anchored vessels, or buoys whose positions are accurately known. The
hydrophores are connected to radio transmitters, and the sound impulse
received at each hydrophore is transmitted by radio to the surveying
vessel, where the times of reception are automatically recorded on the
chronograph. Since the time required for the transmissionand reception
of the radio signal is infinitesimal,the period between the bomb explosion
and the return of the signal from each hydrophore is that required for the
sound impulse ta travel through the water from the point of the bomb
explosion to the hydrophore. The velocity of sound in”water can be
computed from the known distribution of temperature and salinity
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(p. 77), but the waves are reflected between the surface and the bottom
and may be distorted by density stratification, so that empirical tests
must usually be made to establishthe eflectivehorizontal velocity. When
the velocity of the sound impulse is known, the distance between the
bomb and the accurately located hydrophores is readily obtained. From
two or more such radii the location of the bomb explosion up to distances
of 100 miles from the hydrophores can be determined to within a few
hundred feet. Radioacoustic ranges are obtained at frequent intervals
while the survey vessel is running sounding lines.

Taut-wire traverses are also used to determine accurately the dis-
tances between anchored buoys when detailed surveys are made out of
sight of land. The distances are measured by paying out steel piano
wire under controlled tension over an accurate meter wheel from drums
which carry over 140 miles of wire. When the dktance between a row
of anchored buoys 15 or 20 miles long has been measured, the wire is
cut and abandoned. With a combination of the methods outlined above,
extremely accurate surveys can be made out of sight of land where depths
are not too great to make it impossible to anchor the buoys satisfactorily.
The methods employed by the Coast and Geodetic Survey have been
described by Rud6 (1938) and by Veatch and Smith (1939).

SonicSoundings

Sonic-sounding equipment consists of three essential parts: (1) a
source that will emit a sound impulse, (2) an instrument for detecting
or recording the outgoing and the returning signals, and (3) a means of
measuringthe time required for the sound to travel to the sea bottom and
for the echo to return to the ship. Sound sources are of two general
types: those that emit sound of audible frequency which is nondirectional
in water, or those that emit high-frequency vibrations which are non-
audible and are classed as ultrasonic. The audible type is satisfactory
for general use, but for sounding in shoal water or over a bottom that is
very irregular, directional ultrasonic equipment must be used. Audible-
type transmitters usually consist of a diaphragm that is vibrated by an
electromagnet, although other devices are employed. The ultra- or
supersonic transmitter depends upon the piezoelectric property of quartz
crystals which, when subjected to a high voltage, vibrate at high fre-
quency, and, as the process is reversible, the returning echo stimulates a
current through the circuit, so that the same device is used as a trans-
mitter and as a sound detector. In the audible-type sonic sounder the
outgoing signal and the returning echo are picked up by a submerged
microphone called a hydrophore.

Various devices are used to determine the time required’ for the
sound impulse to travel to the bottom and return to the hydrophore.
For sounding in deep water the simplest method is to measure the
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interval by means of a stopwatch. However, this method is not very
accurate and is not practical in shallow water, where the time interval
is small. Most instrumentsdepend upon visual signals or a combination
of visual and auditory signals to measure the time interval, and in some
devices the interval is recorded automatically upon a moving tape. In
practice, an instrument is set for a constant sounding velocity (p. 79),
usually between 800 and 820 fathoms per second (1463 and 1500 m/see), ,
and hence the time interval is a direct measure of the depth obtained,
using a constant sounding velocity. In accurate work the depths
obtained in this way must be adjusted to allow for the vertical dutribution
of temperature and salinity. The time interval is commonly measured
by means of a rotating disk revolving at a constant speed. This speed
is determined by the graduations on the disk and the sounding velocity.
For example, the disk may be graduated to read from zero to 1600 m,
and, if rated for a sound velocity of 1500 m/see, it will require 2 sec for
one rotation of the disk; that is, 2 sec is the time required for the sound
to travel to thd bottom and back when the depth is 1500 m. The out-
going signal is activated automatically each time the dkk is at zero.
When earphones are used in deep-water instruments of this type, the
position of the disk is noted at the instant the return echo is heard. The
recorded depth will usually representthe average of severalsuch measure-
ments. For work in shallow water (less than 500 m) a flashing light
signal activated by the outgoing sound impulse and the returning echo
is commonly used. In such instruments the light is on a revolving arm
that ismounted behind a graduated diskwith a circularslit through which
the light is visible. The outgoing sound impulseis emitted automatically
each time the light passes zero on the depth scale, and the returning echo
causes the light to flash, the depth being indicated by the gradua~lons
on the dial. In automatic recording devices the depths are marked upon
a moving paper, and the plot obtained in this way representsan accurate
profile of the bottom. Details concerning the construction and operation
of sonic depth finders are given in the Hgdrogruphic Review, published
periodically by the International HydrograpKlc Bureau. The instru-
ments used by the U. S, Coast and Geodetic Survey are described by
Rud6 (1938) and by Veatch and Smith (1939).

Wire Soundings

Since the introduction of sonic methods, relatively few wire soundings
are taken for the sole purpose of measuring depths. Checks must be
made from time to time to see that the sonic equipment is operating
successfully, but in most cases wire soundings are now made for the
express purpose of ‘obtaining samples of the sea-bottom sediments. The
weight of equipment used for collecting bottom samples has increased,
and, as a consequence, the piano-wire sounding machines are no longer
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adequate. Instead, the hydrographlc cable and winch, or even the heavy
winch, must be used for this purpose. The amount of weight attached
to the end of the wire rope or mounted on the bottom-sampling device
depends upon the strength of the cable. the depth of water (hence, the

i weight of wire suspended in the water), and in many cases upon the type
of sampling device. It must be sufficient, when the weight itself reaches
the bottom, to permit the detection of the reduced load by means of the
motion of the accumulator, dynamometer, or other device. Unless
the winch is stopped immediately, the wire rope will pile up on the
bottom and will be badly tangled or kinked when hauled in again. If
iron weights are used, they may be dropped by a release mechanism
when striking the bottom, but, if lead weights are used, they are per-
manently secured. For sounding with ~2-inch steel rope, about 50
lb must be attached to the end of the cable for depths less than 1000 m,
and for depths of about 4000 m, double the amount of lead is needed.

An unprotected reversing thermometer for measuring pressure, used
in conjunction with a protected reversing thermometer and attached to
the sounding wire some 50 m above the weight, is sometimes used as a
check on the depth (p. 351).

Bottom-SamplingDevices

Devices used for collecting specimens of the sea-bottom se<lments
depend upon the character of the deposit, the depth of water, and the
strength of the wire rope available. Certain apparatus that is suitable
for work in soft, cohesive sediments cannot be used where the bottom
material is coarse-grained or where it is rocky. Similarly, other types
that can be operated in shallow depths are too heavy for general use in
deep”water. Methods have been devised for sampling the superficial
layers of the sediments, but since the Meteor Expedition, 1925-1927,
greater emphasis has been placed upon obtaining core samples. Instru-
ments are now in use that will take cores several meters long, and much
thought is being given to the development of instruments that will take
even longer samples. Utilke the equipment used in most of the other
fields of oceanography, the devices for taking samples of the marine
sediments are not standardized. Every investigator uses his own type
of bottom sampler, but all samplers are based on certain basic designs.
Hough (1939) has listed and described the various types and gives an
exhaustive bibliography.

Bottom samplers used for oceanographic work fall into three general
categories: dredges (drag buckets), snappers, and coring tubes. Dredges
patterned after the naturalistdredge (fig. 89), but constructed of stronger
material and with a chain-mesh bag, are used for procuring samples of
rock where the sea bottom is covered with rock fragments or where there
are outcrops of solid rock. Smallercylindrical dredges with solid bottoms
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are sometimes used for collecting nonconsolidated material in relatively
- shallow water. Snapper samplersof the clamshelltype have been widely

used for obtaining samples of the superficial layers of the sediments.
The telegraph snapper (fig. 84) has been widely used, particularly in
routine wire-sounding work by surveying vessels. The drawback to the
use of this relatively simple device is that it
takes so small a sample. The same principle
has been-employed in the Ross snapper, which
will hold several hundred cubic centimeters of
sediment. Other samplers of this generai
type have been devised for sampling the
benthic fauna (fig, 89 and p. 375). The dis-
advantage of the clamshell type of sampler is
that its contents are likely to be washed out
while it is being hauled to the surface. This
is particularly true when it is used in areas
where the bottom is sandy or contains coarse
fragments, since a fragment caught in the
jaws may prevent them from closing com-
pletely.

Coring devices (fig. 85) are essentiallylong
tubes that are driven into,the sediment, either
by their own momentum or by the discharge
of an explosive, The latter principle is used
in the coring instrument developed by Piggot
(1936). A momentum-type coring instru-
ment weighing about 600 lb with the weights
attached will take cores up to about 5 m in
length in soft sediments at depths as great as
about 2000 m (Emery and Dietz, 1941). The
Piggot coring tube has been used to take
cores about 3 m long at depths greater than

U. M. Mmwfactwing COwkIXXnU.

Fig.84. Bottomsampler
—snappertype.

4000 m. In coarse-grained deposits the coring tubes are not capable of
penetrating more than about 0.5 m.

The momentum-type core sampler is allowed to run out freely when it
approaches the bottom, The depth of penetration is determined by the
weight of the instrument, the character of the sediment, the diameter
of the tube, and the type of cutting nose. The factor that determines
the size and type of coring tube which can be used on any wire rope is
not the weight of the instrument alone, because the greatest strain
is developed when the coring tube is pulled out of the sediment, and this
may be several times the weight of the instrument. The Emery-Dietz
sampler is constructed of galvanized iron pipe of 2- or 2.5-inch diameter.
It is connected through a reducing coupling to a smallerpipe on which the

.
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weights are mounted. The reducing coupliig is perforated to permit the
passage of water, and is sometimes fitted with a ball valve. The outting
nose is sharp, with a slightly smaller internal diameter than the tube
itself so as to reduce the internal wall friction and to hold in the inner
liner, which further reduces the wall friction and facilitates the removal
of the core samples. Inner liners are sheets of metal or celluloid rolled
up and inserted in the pipe, or they are glass or metal pipes that are cut
open after the sample is taken. In some coring devices a” core catcher”
is fitted to the nose of the coring tube to prevent the core from sliding
out of the tube after the instrument is raised from the bottom. The
depth of penetration of coring tubes is generally considerably greater
than the length of the sample obtained. The amount of “compaction”
varies between about 25 and 50 per cent, depending upon the character-
istics of the coring tube and the type of sediment. The nature of the
compaction and the effects that it may have upon the stratification of
the sample have been investigated by Emery and Dietz (1941). Smaller
instruments based on an original design by Ekman and developed by
Trask (Hough, 1939), but of the same general type described above, can
be used on fairly light gear and will take samples between 0.5 and 1.0 m
in length.

The care and treatment of bottom samples depend to a large extent
upon the n~ture of the examinations that are to be made later (chapter
XX). For most purposes it is sufficient to place the specimens in mason
jars fitted with rubber washers. No preservative or additional water is
necessary. Labels should be placed on the outside of the bottle, since
mechanical abrasion and the activities of microorganisms may destroy
or render illegible any paper in contact with the sediment sample. Core
samples may be cut in sections and carefully placed in bottles, or &he
entire specimen may be kept in the inner liner.

Temperature Measurements

Three types of temperature-measuring devices are used in oceano-
graphic work. Accurate thermometersof the standardtype are employed
for measuring the surface temperature when a sample of the surface
water is taken with a bucket and for determiningthe subsurface tempera-
tures when the water sample is taken with a thermally insulatedsampling
bottle (p. 354). The thermometers used for measuring temperatures
at subsurface levels are of the reversing type and are generally mounted
upon water-sampling bottles so that temperatures and the water sample
for salinity or other chemical and physical tests are obtained at the same
level. The third type are temperature-measuringinstrumentsthat give a
continuous record, such as thermographs, which are employed at shore
stations and on board vessels to record the temperature at some fixed
level at ok near the sea surface. Many devices have been invented for
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obtaining the temperature as a continuous function of depth, but most
of these, for one reason or another, have proved impractical or of

insufficient accuracy. The
bathythermograph (p. 352)
developed by Spilhaushas over-
come many of the difficulties

~ that rendered previous designs

Fig. 86. Protected and unprotected
reversingthermometersin setposition,that
is, beforereversal. To the rightis shown
the constrictedpartof the capillamin set
md reversedpo~itions.

ineffective.
The centigrade scale is

standard for the scientific
the
in-

vestigation of the sea. A high
degree of accuracy is necessary
in temperature measurements
because of the relatively large
effects that temperature has
upon the density and other phys-
ical propertiesand because of the
extremely small variations in
temperature found at great
depths. Subsurface tempera-
tures must be accurate to with-
in less than 0.05”C, and under
certain circumstances to within
O.O1°. Such accuracy can be
obtained only with well-made
thermometers that have been
carefully calibrated and re-
checked from time to time.
Because of the greatervariability
of conditions in the surface
layers the standards of accuracy
there need not be quite so high.

Conventional-type thermom-
eters’for surface temperatures or
for use with an insulated bottle
must have an open scale that is
easy to read, with divisions for
every tenth of a degree. The
scale should preferably be etched
upon the glass of the capillary.
The thermometer should be of

small thermal capacity in order to attain equilibrium rapidly; it should
also be checked for calibration errorsat a number of points on the scale by
comparison with a thermometer of known accuracy, and it should be read
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with the scale immersed to the height of the mercury column. Observa-
tions of surface temperatures made upon bucket samples should be
obtained immediately after the sample is taken; otherwise, heating or
cooling of the water sample by radiation, conduction, and evaporation
may have a measurable effect upon the temperature. Surface tempera-
tures obtained in this way represent the conditions in, approximately,
the upper 1 m of water. Samples taken from a vessel must be obtained
as far away as possible from any discharge outlets from the hull, and,
if’ the vessel is under way, they should be taken near the bow so as to
avoid the churned-up water of the wake (Brooks, 1932).

PROTECTEDREVERSINGTHERMOMETERS.Reversing thermometers
(fig. 86) are usually mounted upon the water-sampling bottles (fig. 87),
but they may be mounted in reversing frames and used independently.
Reversing thermometers were first introduced by Negretti and Zambra
(London) in 1874, and since that time have been improved, so that well-
made instrumentsare now accurate to within O.OI°C. On the Chalknger -
Expedition, 1873-1876, the subsurface temperatures were measured by
means of nainivn.wn thermometers, which were the most satisfactory’
instrument available at that time.

A reversing thermometer is essentially a double-ended thermometer.
It is sent down to the required depth in the set position, and in this
position it consists of a large reservoir of mercury connected by means
of a fine capillary to a smaller bulb at the upper end. Just above the
large reservoir the capillary is constricted and branched, with a small
arm, and above this the thermometer tube is bent in a looP, from which
it continues straight and terminates in the smaller bulb. The ther-
mometer is so constructed that in the set position mercury fills the
reservoir, the capillary, and part of the bulb. The amount of mercury
above the constriction depends upon the temperature, and, when the
thermometer is reversed, by turning through 180 degrees, the mercury
column breaks at the point of constriction and runs down, filling the bulb
and part of the graduated capillary, and thus indicating the temperature
at reversal. The loop in the capillary, which is generally of enlarged
diameter, is designed to trap any mercury that is forced past the con-
striction if the temperature is raised after the thermometer has been
reversed. In order to correct the reading for the changes resulting from
dflerences between the temperature at reversal and the surrounding
temperature at the time of reading, a small standard-type thermometer,
known as the auxiliary thermometer, is mounted alongside the reversing
thermometer. The reversing thermometer and the auxiliary ther-
mometer are enclosed in a heavy glass tube that is partially evacuated
except for the portion surrounding the reservoir of the reversing ther-
mometer, and this part is filled with mercury to serve as a thermal
conductor between the surroundingsand the reservoir. Besidesprotect-
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ing the’ thermometer from damage, the tube is an essential part of the
device, because it eliminates the effect of hydrostatic pressure.

Readings obtained by reversing thermometers must be corrected
for the changes due to differences between the temperature at reversal
and the temperatureat which the thermometer is read, and for calibration
errors. An equation developed by Schumacher is commonly used for
correction:

[

AT ~ (2” – O(T’ + Vi)) ~ + (T” – t)(T’ + Vi)) + ~
K 1[ K 1+

AT is the correction to be added algebraically to the uncorrected reading
of the reversing thermometer, T’, t is the temperature at which the
instrument is read, VOis the volume of the small bulb and of the capillary
up to the O“C graduation expressed in terms of degree units of the capil-
lary, and K is a constant depending upon the relative thermal expansion
of mercury and the type of glass used in the thermometer. For most
reversingthermometers,K has the value 6100. The term 1 is the calibra-
tion correction, which depends upon the value of T’. Where there are
large numbers of observations to be corrected, it is convenient to prepare
graphs or tables for each thermometer from which the value of AT can
be obtained for any values of T’ and t and in which the calibration cor-
rection is included.

Reversing thermometers are usually used in pairs, most commonly
attached to the w~ter-sampling bottles, but they may be mounted in
special reversing frames that are either operated by messenger or that
have a propeller release. The frames holding the thermometers are
brass tubes which have been cut away so that the scale is visible and
which are perforated around the reservoir. The ends of the tubes are
fitted with coil springs or packed with sponge rubber so that the ther-
mometers are firmly held but are not subject to strains.

UNPROTECTEDREVERSINGTHERMOMETERS.Reversing thermometers
identical in design with those previously described but having an open
protective tube are employed to determine the depths of sampling
(fig. 86). Because of the difference in the compressibility of glass and
meroury, thermometers subjected to pressure give a fictitious “tempera-
ture” reading that is dependent upon the temperature and the pressure.
This characteristic is utilized for determining the depth of reversal.
Instruments used for this purpose are so designed that the apparent
temperature increase due to the hydrostatic pressureis about O.OI°C/m.
An unprotected thermometer is always paired with a protected ther-
mometer, by means of which the temperature in situ,Tw, is determined.
When Tw has been obtained by correcting the readings of the protected
thermometer, the correction to be added to the reading of the unpro-
tected thermometer, T& can be obtained from the equation
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T; and t.are the readings of the unprotected reversing thermometer
and its aufllary thermometer, and I is the calibration correction. The
difference between the corrected reading of themnprotected thermometer,
Tu, and the corrected reading of the protected thermometer, T., repre-
sents the effect of the hydrostatic pressure at the depth of reversal.
The depth of reversal is calculated from the expression

D(rneters) = T% – T.

QPw ‘

where Q is the pressure constant for the individual thermometer, which
is expressedin degrees increasein apparent temperature due to a pressure
increase of 0.1 kg/cmz, and where pmis the mean density in situ of the
overlying water. For work within any limited area it is usually adequate
to establish a set of standard mean densities for use at different levels.
Depths obtained by means of unprotected thermometers are of the
greatestvalue when the wire rope holding the thermometersis not vertical
in the water. When serial observations are made, unprotected ther-
mometers should be placed on the lowest sampling bottle and, if possible,
one on an intermediate bottle and one near the top of the cast (p. 356).
The probable error of depths obtained by unprotected thermometers is
about &5 m for depths less than about 1000 m, and at greater depths it
amounts to about 0.5 per cent of the wire depth. Wust (1933) has pre-
sented a detailed examination of the results of wire soundings, sonic

, depths, and depths measuredby unprotected thermometerson the Meteor
Expedition.

SPECIALDEVICES. Temperatures measured by the methods men-
tioned above yield observations at discrete points in space and time.
Subsurface observations with reversingthermometersare time consuming
and the instruments and equipment are expensive. Many devices
have been suggested for obtaining continuous observations at selected
levels or M a function of depth. Thermographs are commonly used
at shore stations and on vessels to obtain a continuous records at or
near the sea surface. The thermometer bulb, usually containing mer-
cury, is mounted on the ship’s hull or in one of the intake pipes and
connected to the recording mechanismby,a fine capillary. The recording
mechanism traces the temperature on a paper-covered revolving drum.
Records of temperatures obtained by a thermograph should be checked
at frequent intervals against temperatures obtained in some other way.

various types of electrical-resistancethermometershave been designed
to be lowered into the water and to give a continuous reading, but
have not proved satisfactory. Spilhaus (1938, 1940) has developed an
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instrument called a bathythermograph which can be used to obtain a
record of temperature as a function of depth in the upper 150 m, where
the most pronounced vertical changes are usually found. The tempera-
ture-sensitive part activates a bourdon-type element that moves a
pen resting against a small smoked-glass slide, which in turn is moved
by a pressure-responsive element. As the instrument is lowered into
the water and raised again, the pen traces temperature against pressure
(hence, depth). This device has the great advantage that it can be
operated at frequent intervals while under way, and thus a very detailed
picture of the temperature distribution in the upper 150 m can be rapidly
obtained. Mosby (1940) has devised an instrument called a thermo-
sounder for measuring temperature against depth which can be used for
observations to great depths. The thermal element, mounted on an
invar-steel frame, is a 75-cm length of specially treated brass wire
attached to a pen that makes a trace upon a circular slide. The slide
is slowly turned by means of a propeller as the instrument is lowered
through the water.

Water-SamplingDevices

The types of water-sampling devices that will be described are those
that are intended for taking samples at subsurface levels for physical
and chemical studies. Samples for the enumeration of phytoplankton
and for bacteriological examination may be obtained with these
instruments, but for such purposes specially designed samplers are more
commonly used. A water sampler for collecting at subsurface levels
is so designed that it can be closed watertight at any desired depth, and
thus the enclosed sample is not contaminated by water at higher levels
or lost by leakage after the bottle is brought on board. Because of the
great pressuresencountered in deep water the sampling bottles are sent
down open and then closed at the required depths by means of messengers
or propeller releases. To expedite work at sea, water-sampling devices
are used in series-that is, with more than one bottle on the wire rope
so that samples can be taken at a number of depths on the same cast.
As it is essential that temperatures and water samples be taken at the
same depths, the water-sampling bottles are fitted with frames in which
one or more reversing thermometers are placed. An exception to this
is the insulated Pettersson-Nansen bottle, which can be used for the
upper few hundred meters (p. 354). Water-sampling devices must be
constructed of noncorrosive materials that will reduce contamination of
the water samplesto a minimum. The bottles are usually made of brass,
plated inside with tin or silver or coated with a special lacquer. For
removing the water sample they axe fitted with a drain cock and an air
vent. To be clearly visible when hauling in, the bottles should be painted
white. Many types of sampling bottles have been invented, but the
rigorous working conditions and the desirable features that have been



Fig. 87. The Nansenreversingwaterbottle. I@: Before reversing;first
messengerapproachesreleasingmechanism.Middle:Bottlereversing;lirstmessen-
gerhasreleasedthesecond. R@ht:In reversedposition.
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listed above have reduoed the types in general use to only a few of simple
but rugged design. ,

Messengersare essential for the operation of many types of oceano-
graphic equipment. Although their size and shape will vary for different
types of apparatus, they are essentially weights which are drilled out so
that they will slide down the wire rope. In order to remove or attach
them they are either hinged or slotted. The speed of travel depends
upon the shape and weight of the messenger and upon the wire angle
(the angle the wire rope makes with the vertical). With no wire angle
the messengers used with the Nansen bottles travel approximately
200 m per minute.

Water-sampling devices are of two general types, depending upon
the method of closing, which may be accomplished by means of plug
valves or by plates seated in rubber. The Nansen bottle, an example of
the first type, is the one most widely used in oceanographic research.
The Ekman bottle is of the second type.

The Nansen bottle (fig. 87) is a reversing bottle fitted with two plug
valves and holding about 1200 ml. The two valves, one on each end of
the brass cylinder, are operated synchronously by means of a connecting
rod fastened to the clamp that securesthe bottle to the wire rope. When
the bottle is lowered, this clamp is at the lower end, and the valves are
in the open position so that the water can pass through the bottle.
The bottle is held in this position by the ‘release mechanism, which
passes around the wire rope, but, when a messenger sent down the rope
strikes the release, the bottle falls over and turns through 180 degrees,
shuts the valves, which are then held closed by a locklng device, and
reverses the attached thermometers. After reversing the bottle, the
messenger releases another messenger that was attached to the wire
clamp before lowering, This second messenger closes the next lower
bottle, releasing a third messenger,and so on.

The Ekman bottle, which can also be operated in series, consists
of a cylindrical tube and top and bottom plates fitted with rubber gaskets.
The moving parts are suspended in a frame attached to the wire rope,
and, when the instrument is lowered, the water can pass freely through
the cylinder. When struck by a messengerthe catch is released and the
cylinder turns through 180 degrees, thereby pressing the end plates
securely against the cylinder and enclosing the water sample. Reversing
thermometers are mounted on the cylinder.

Thermally insulated bottles such as that of Pettersson-Nansen
(for illustration, see Murray and Hjort, 1912) consist of several rigidly
fixed concentric cylinders each of which is fitted with end plates. When
these plates are shut, a series of water samples are isolated one within
the other. The outermost cylinder and end plates are constructed of
brass and ebonite, the inner ones of brass and celluloid, the cylinders
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and end plates being mounted on a frame. In open position there is
space between the cylinders and the upper and lower end plates, but,
when the catch is struck by the messenger, the cylinders and the upper
plate slide down, the cylinders are pressed against the lower end plate,
and the upper one seals the bottle. Owing to its construction the bottle
must be attached to the end of the wire rope. The temperature at the
depth of sampling is determined by a thermometer inserted in the inner-
most cylinder. Corrections must be applied for adiabatic cooling and,
under extreme conditions, for heat conduction.

On the MeteorExpedition a glass-linedsamplingbottle with a capacity
of 41 was used to collect large sampleswith a minimum of contamination.
This bottle was attached to the end of the wire rope, the closing mecha-
nism being similar to that used for the insulated bottle. A special
mounting that reversed when the bottle was closed was provided for
thermometers (Wiiat, 1932).

In connection with wire sounding and bottom sampling, it is often
desirable to obtain the temperature and the water samples close to the
bottom and, as an added check, to obtain the depth by means of an
unprotected thermometer. In order to avoid waiting for a messenger to
travel all the way to the bottom, possibly one half hour or more, special
sampling devices activated by propeller releases are used (Soule, 1932;
Parker, 1932). These are usually reversing bottles in wNlchthe release
pin is attached to a propeller. When the apparatus is being lowered,
the propeller holds the pin in place, but, as soon as hauling in is com-
menced, the propeller rotates and withdraws the pin.

Spilhaus (1940) has devised a multiple sampler consisting of six small
valve-closing bottles that can be closed individually at predetermined
depths by releases which are activated by the hydrostatic pressure.
The instrument was designed to be used in conjunction with the bathy-
thermograph (p. 352) from a vessel while under way.

The general procedure for taking water samples and temperatures
by means of Nansen bottles or other serial sampling devices is as follows.
In order to keep the wire rope taut and to reduce the wire angle, a stray
weight is attached to the end of the wire rope, usually of 50 to 100 lb,
depending upon the size of the rope, the depths at which observations
are to be taken, and the general working conditions. A certain amount
of the wire rope (25 to 50 m) is then payed out so that the weight will
not strike the ship when the bottom bottle is being attached or detached,
and also to reduce the possibility of damaging the bottle if the weight
strikes bottom.

“The depth at which samples are to be collected should be planned
before the cast is begun. The first bottle, adjusted to the set position,
is then attached to the wire rope, the thermometers are checked, “andthe
meter wheel is set at zero. When the wire has been lowered the required
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amount, the second bottle is attached, To operate the bottles, mes-
sengers must be attached to the messengerreleaseson the second bottle
and on all those above. The number of bottles attached on a single
cast is determinedby the strength of the wire and by the operating condi-
tions. Up to twelve or more are sometimes used at one time. After
all the bottles have been attached at appropriate intervals, they are
lowered to the required depths. Since the meter wheel was set at zero
when the first bottle was attached, the entire cast must be lowered by an
amount equal to the distance between the sea surface and the height at
which the bottles were put on. After the bottles are lowered to the
required depths, they are allowed to remain there for about 10 minutes
to permit the thermometers to reach the temperatures of their surround-
ings, and then the messenger is dropped. If the bottles are located at
depths of less than about 500 m, their proper functioning maybe checked
by touching the wire, as it is usually possible to feel the jerks when the
messengers strike the bottles. When the samples are taken at great
depths or when the wire angle is large, it is impossible to feel the jerks,
and therefore sufficient time must be allowed for the messengersto travel
to the deepest bottle before hauling in. When the wire angle is large,
the slower rate of travel of the messenger must be taken into considera-
tion. The wire is then hauled in and the bottles are removed and placed
in their rack in the deck laboratory, care being taken to avoid turning
the bottles from the reversed position, since the reversing thermometers
may set themselves again.

Just before the messenger is released the wire angle should be esti-
mated or measured. Knowledge of the wire angle is useful when deter-
mining the depth of sampling, as will be shown later.

Certain accessories are necessary when handling water-sampling
bottles. As a safety measure a light line with a harness snap should be
attached to the rail. This line is snapped on the bottle before it is handed
to the operator on the working platform and is not removed until the
bottle is firmly clamped on the wire rope. It is also attached when
removing the bottle. To hold the wire rope steady and close to the
platform a short line with a large hook should be attached to the plat-
form. The hook is placed on the wire rope when instruments are being
attached to it or removed from it. When the vessel is drifting with
wind or surface currents, the wire will not hang vertically and will some-
times trail so far away that the wire angle may be as much as 50 or 60
degrees. Under these circumstances the wire rope must be pulled in by
means of a boat hook or block and tackle in order to attach the hook.

Because of the larger vertical gradients in the distribution of proper-
ties in the upper layers, observations are taken at relatively close inter-
vals near the surface and at increasingly larger intervals at greater
depths. The International Association of Physical Oceanography,
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in 1936, proposed the following .s&mdarddepths at which observations
should be obtained directly or by interpolation from the distribution at
other levels. The lower limit is determined by the depth of water or the
plan of operations. The standard depths, in meters, are: surface, 10, 20,
30, 50, 75, 100, 150, 200, (250), 300, 400, 500, 600, (700), S00, 1000,
1200, 1500, 2000, 2500, 3000, 4000, and thereafter by 1000-m intervals
to the bottom. The depths in parentheses are optional. In addition
to observations at standard depths, it is often desirableto obtain tempera-
tures and water samples close to the bottom. In deep water this usually
means within about 50 m of the bottom, but in moderate and shallow
depths it may be much less, depending upon the bottom topography
and the working conditions.

TREATMENTAND ANALYSIS OF SERIALOBSERVATIONS

After a number of temperature observations, salinity determinations,
or other analyses have been made, it is necessary to eliminate those

. values that are in error and to put the data into a convenient form to
make them readily comparable with other material of a similarcharacter.
The methods by which observations obtained with reversing ther-
mometers are corrected to yield the temperatures in situ and by which
the depths of sampling can be computed from the readings of unprotected
thiwmometers have been described on preceding pages. The deter-
mination of saltilty by chlorinity titratiori and other methods is dis- ~
cussed in chapter III. In addition, numerous chemical tests and
analyses may be made on the water samplesby methods listed in chapter
V1. After the temperature in du and the thermometric depths have
been calculated, the observational data are generally listed on a summary
sheet which shows the following information about each water sample:
wire depth of each samplinginstrument (the amount of wire rope between
the surface and the sampling device), wire angle for each cast, tempera-
ture in iw”tu(the corrected protected thermometer reading, or, if two
thermometers were attached to the bottle, the average), depth of sam-
pling as computed from the unprotected thermometer (these are usually
not attached to each bottle), chlorinity, salinity, and other analyses
that have been made.

. The next step in the analysis of serial oceanographic observations
is to establish the depths of “sampling. A considerable amount of per-
sonal judgment enters, and th~ ‘can be improved only by general experi-
ence, knowledge of the area in which observations were made, and
familiarity with the behavior of individual instruments. The general
procedure that must be followed is somewhat as follows: (1) if there was
any error in the meter wheel, the necessary corrections must be applied
to the meter-wheel readings; (2) if the wire angle was 5 degrees or less,
the depths of sampling can be taken as equal to the wire depths as
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obtained,from the corrected readings of the meter wheel; (3) if the wire
angle was greater than 5 degrees, the ratio of the wire depth to the
thermometric depth at those levels where unprotected thermometers
were used is calculated. If the wire angle was smalland the cast shallow,
these ratios will be virtually constant, and the average of the ratios
obtained from any single cast may then be used to arrive at the depths
of sampling for all instruments on that cast. If the wire angle was
large or the cast deep, the ratio will usually be found to increase with
increasing depth. This increase indicates that the wire rope approaches
the vertical at greater depths, and under such. circumstances a ratio
that changes with wire depth must be used. In extreme cases the
‘~wire curve” may be plotted. The wire curve, ivhich is the actual form
assumed by the wire in the water, is constructed from the thermometric
depths, the wire angle, and the amount of wire between the sampling
bottles. In all cases the accepted depths arrived at in the above manner
should be examined to see that the distances between sampling bottles
are compatible with the wire distance between them. The above method
of treatment presupposes that the observations are themselves valid.
If, for any reason, the thermometers did not function properly or if the
reversing bottles closed when lowering, the thermometric depths may
not be correct and the resultsmust be discarded.

After the accepted depths have been decided upon, the next step
in the analysis of the observations is to plot oen%caldistribution curves.
In one diagram, one of the observed properties may be plotted as a
function of depth at a number of stations, or all of the observed properties
at a single station may be plotted. From such curves it is often possible
to detect those samples that are incorrect because of faulty functioning
of the thermometers or because the water-sampling device closed pre-
maturely or leaked when being hauled up. From the vertical distribution
curves the following data are taken: (1) the interpolated values at
standard depths, and (2) the depths of selected values of a given
property at a number of stations. These data are necessary in order to
construct vertical sections of the distribution of any property.

Besides the vertical distribution curves, it is common practice to
prepare other plots of various kinds which serve either to detect errors,.
or to bring out characteristic features of the data. One of the most
common of these is the temperature-salinity curve (T-S curve), in which
the corresponding values of temperature and salinity from a single
station are plotted in a graph, with temperature and salinity as the
coordinates, and are then joined by a curve in order of increasing depth.
In any given area the shape of the T-S curve has a fairly definite form,
and hence errors in observation may sometimes be detected from such a
graph. Many other uses of graphs of this nature are discussedin chapter
V. Similar constructions can be used for the other serialdata whenever
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any two kinds of observations may be plotted against each other. After
interpolated values have been read from the vertical distribution curves,
they too should be entered upon such diagrams, and, if the points cor-
responding to any interpolated depth do not fit the previously con-
structed curve, certain adjustments in the construction of the vertical
distribution curve may be necessary.

The interpolated values of temperature and salinity at standard
depths are obtained before the density, specific volume anomaly, and
other calculations based upon these data are made (see chapter III).
As a check upon the correctness of the data, it is often advisable to plot
the vertical distribution of density (uJ and the specific volume anomalies
for each station as functions of depth.

Various types of distribution diagrams may be prepared from the
serial observations, many of which are shown elsewhere in this volume,
particularly in chapter XV.

The interpretation of serial oceanographic observations depends
so much on the nature of the data, the distribution of observations in
space and time, and the characteristic features of the region under
investigation that it is impossible to attempt to formulate any “system”
of analysis. Only from a knowledge of oceanographic problems and of
the significance of the various kinds of data can the most fruitful method
of attack be decided upon in any given investigation. The development
of new theories and new viewpoints may invalidate earlier conclusions,
but the observational data remain valid if they have met the required
standards of accuracy.

OBSERVATIONS OF TIDES

Observations of the tides are necessary to establish reference levels
for depths and elevations, for reducing soundings to the local reference
level (p. 10), for the preparation of tables of predicted tides for use in
navigation, and to further the scientific study of tidal phenomena. The
rise and fall of the sea surface associated with tidal movements is dis-
cussed in chapter XIV, where it is shown that in any locality the range
of tide, character of tide, and time of tide with reference to the meridional
passage of the moon must be obtained by observation. When adequate
data are assembled, the tides at that locality may be predicted with
great accuracy.

The essential data are a series of measurements of the elevation of
the sea surface at certain time intervals referred to a standard time
system, and from these measurementsthe rise and fall of the sea surface
associated with the tide may be plotted as a function of time. In all
such studies the elevations must be referred to one or more bench marks,
which may or may not be connected with other points of tide observa-
tions by accurate leveling. Bench marks are necessary so that the
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measurements of elevation, mean sea level and other reference planes
may be referred to some arbitrary standard. If the difference in eleva-
tion between the bench marks at two stations is known, the departure
of the truesea level from the ideal sea level can be obtained (p. 458).

The simplestdevice for measuringthe riseand fall of the tide on shore
is a tide skz~. A tide staff is a stout plank that is graduated in feet and
tenths of feet or according to the metric system and which is securely
fastened to some permanent structure such as a rocky cliff, cement dock,
or piling. It must be of sufficient length to extend above the highest
tide and below the lowest tide. The graduation must be adjusted with
reference to the bench mark, so that if the staff is removed for repairs or
replaced, the readingscan be referredto a common base. If observations
aremade every hour, a complete marigram(tide curve) can be constructed,
but in many cases observations are made only at certain selected times
of the day, or only high and low water are measured. By comparison
with the conditions at nearby stations, such random observations are
sufficient to determine the character of the local tide. The tide staff
is quite accurate in protected water where the waves are small, but on an
open coast waves and swells may make it difficult to obtain accurate
observations (Rud6, 1928).

In localities where waves cause difficulties, tape gauges are used for
visual observations. A float is suspended in a well, commonly a large
pipe with small openings below the lowest tide level, and attached
to the floqt is a graduated tape that passes over a pulley, a counter-
weight being on the other end. The rise and fall of the surface due to
waves is largely eliminated, and the tape may then be rea”dwith reference
to some arbitrary level at appropriate time intervals (Rud6, 1928).

The principle of the tape gauge may be adapted for obtaining a
continuous automatic record of the tide level. In the standard autti-
matic gauge used by the U. S. Coast and Geodetic Survey (Rud6, 1928),
the float, which is suspended in a well, is attached to a wire that turns a
pulley mounted on a threaded rod. As the pulley turns, a carriage with
a pencil moves back and forth along the threaded rod that is mounted
at right angles to a clockwork-driven roller carrying a sheet of paper.
The paper is driven ahead about one inch per hour, and the device thus
traces the marigram automatically. Suitable reduction is obtained by
varying the size of the pulley and the pitch of the threaded rod. An
accurate clock makes a special mark every hour, and a fixed pencil
tracesa referenceline. Short-period waves arelargely eliminatedbecause
of the damping in the well, but seichesand disturbancesof the sea surface
lasting several minutes or more are recorded (p. 542), From the mari-
gram the hourly heights and the levels and times of high and low water
are easily read off. The standard gauge carries enough paper for one
month, but the clocks must be wound once a week, and each day the
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instrument must be checked against a staff or tape gauge to ascertain
whether it is functioning properly and to make sure that the holes
in the float well are free from seaweed and other detritus. A portable
recording unit that can be used by field parties is operated on the same
principle.

The devices so far described can be used only on shore or where qome
rigid structure extends above the sea surface. Many types of pressure-
recording devices for use on the sea bottom have been designed. In
some the pressureelement only is placed below the sea surface, with the.
recording device on land; in others, such as those to be used far from
shore, the recording device is an integral part of the instrument, which
may be placed on the sea floor or anchored and left in position for a week
or more. Such open-sea tidal recorders are not beyond the experimental
stage. Descriptions of the various types may be found in the lfgdro-
graphic Review. The character of the tide over shoals in the open
sea may be determined from an anchored ship by means of repeated
wire or sonic soundings, if the bottom is flat enough to warrant such
observations.

DEEP-SEAANCHORING .

Oceanographic vessels are Sometimes anchored in deep water for
periodsrangingfrom part of a day to asmuch as two weeksfor the purpose
of measuring currents at subsurface levels and for obtaining repeated
observations on the vertical distribution of properties at a single locality.
Such observations are made to cotirrn the validity of currents computed
from the distribution of density and to obtain measurements of the
water movements associated with the tides, internal waves, and other
periodic and aperiodic disturbances. Knowledge of the fluctuations in
the vertical distribution of properties is valuable in establishing the
significance of single sets of observations and in the analysis of the
character of internal disturbances.

For the accurate measurement of currents a fixed point of suspension
is required, but this condition. cannot be fulfilled by a vessel anchored
in depths of several thousand meters. Not only does the vessel swing
in a relatively large arc, but it also tends to ride up on the cable and
then fall away again. In addition, the anchor usually drags somewhat
in the soft bottom. So far, it has not proved practical to anchor in
deep water with more than one cable. In order to eliminate as far as
possible the effect of the vessel’s movements on the current measurements,
the tension on the cable is noted, detailed records-are made of the dhec-
tion and velocity of the wind and surface currents, and numerous astro-
nomic fixes are taken.
generally not significant

The movements of the anchored vessel are
when making repeated serial observations to
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determine the character of local fluctuations in the vertical distribution
of properties.

The first vessel to be anchored successfully at great depths was the
U.S. Coast and Geodetic Survey steamer Blake, which in 1888-1889,
under the command of Lieutenant J. E. Pillsbury, carried out studies of
the Gulf Stream (Pillsbury, 1891). The Blake was anchored at thhty- ~
nine localities in depths as great as 4000 m, where currentswere measured
and subsurface temperatures were determined. Under the direction of
Helland-Hansen the Michael S’ars and Armauer Hansen have been
anchored at great depths in the North Atlantic, and other vessels have
since been anchored at great depths elsewhere. The Meteor (Spiess,
1932b), Wi?lebrord Snellius (Perks, in Pinke, 1938), and Atlantis (Seiwell,
1940) have all anchored in depths greater than 4500 m for periods of
from several hours to as much as two weeks. The greatest depth in
which a vessel has been anchored is about 5500 m, at which depth the
Meteoranchored for two days.

Because of the weight of the wire rope suspended in the water,
extremely strong hoisting gear and deck fittings are required. The wire
ropes are generally tapered multistrand steel ropes of a special non-
kinking type. Some have hemp cores for part of their length. The
ropes used on the Blakef Meteor, and Snellius had a diameter at the
free end of about ~ inch, whkh increased to about >~ inch at the winch
end. Near the anchor, manila rope, chain, or special cable is used to
avoid kinking the wire rope on the bottom. Various types of anohors
have been used, either singly or in pairs, which weigh between 400 and
500 lb. The anchors are either of standard patterns with somewhat
enlarged flukes or they are of the mushroom type. The weight of the
anchors is apparently not very important. The E. W. Scripps has
anchored successfully in depths of about 1600 m using a Danforth
anchor weighing only 40 lb. The hoisting is usually done with a steam-
er power-driven capstan head of large diameter, the wire rope being
wound under tension on a winch drum. As the strains may exceed
several tons, all fittings must be of stout construction. The wire rope is
usually led through an accumulator to ease sudden strains, over a dyna-
mometer, through a braking device, and then over a large pulley or roller
mounted on the bow. A meter wheel is necessaryto measurethe amount
of rope payed out. The equipment and its use are described in the
references already cited.

When anchored in the strong current of the Gulf Stream, the Blake
used a scope (ratio between the amount of wire rope payed out and the
depth of water) of two or three, but for anchoring in the open sea scopes
between 1.1 and 1.6 have been used. The smaller the scope, the less
will be the movement of the vessel, but the surface current and the wind
and sea will determine the needed scope.
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The ocean currents are complicated because, superimposed upon
the major currents that transport enormous masses of water} there are
irregular eddies that may reach to great depths, wind currents that are
confined to the surface layers, and tidal currents or currents associated
with internal waves which are present at all depths between the surface
and the bottom but which change periodically. In many instances the
major currents cannot be directly measured, but conclusions as to their
directions and velocities must be based on the application of the laws of
hydrodynamics to the observed distribution of density. The methods
used in such studies are dealt with in chapter XIII. Here will be dis-
cussed only the methods for direct observation, and these can be con-
veniently classifiedinto two groups: dr& methods and jlow methods. An
excellent summary of all methods and a description of instruments used
have been prepared by Thorade (1933).

In scientific literature the velocity of a current is given in centimeters
per second (cm/see) or occasionally in meters per second (m/see), but
in publications on navigation the velocity is stated in knots (nautical
miles per hour) or in nautical miles per 24 hours. The term “knots”
dates back to the time of the sailing vesselswhen the speed of the vessel
was measured by chip log, log line, and sand glass. Along the log line
distances from a zero mark were shown by short strings provided with
knots. On the first string was tied one knot, on the second two, and so
on. When the chip log was thrown overboard the log line would be
pulled out and as the zero mark passed the rail the sand glass was turned.
When the sand glass had run down, the log line was stopped and the
number of knots on the nearest string were counted. The sand glass
and the distances between strings were adjusted to give the speed of the
vessel in nautical miles per hour; thus the number of knots gave the
speed in this unit—that is, in “knots.”

The direction is always given as the direction toward which the
current flows, because a navigator is interestedin knowing the direction in
which hk vessel is carried by the current. The direction is indicated by
compass points (for example, NNW, SE), by degreesreckoned from north
or south toward east or west (for example, N 60”W, S 30”E) or in degrees
from 0° to 360°, counting current towards north as 0° (or 360°) and cur-
rent towards south as 180°.

*
Drift Methods

Information as to the general direction of surface currents is obtained
from the drift of floating objects such as logs, wreckage from vessels,
and fishermen’s implements. Thus, glass balls used by Japanese fisher-
men and wrecked Chinese junks are sometimes found on the west coast
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of the United States, and from these findingsit is concluded that a current
flowsfrom west to east across the North Pacific Ocean. Another example
is the recovery in July, 1884, from a drifting ice floe off southwestern
Greenland, of equipment and documents from the ill-fated Jeanette,
which on June 12, 1881, had been crushed in the ice to the east-northeast
of the New Siberian Islands in lat. 77”17’N, long. 153°42’E. The
recovery of these objects established the fact that water extends from
Siberia to Greenland, and, since the relics were picked up on a piece of
floating ice, the average speed of the drift across this sea could be ascer-
tained. In most instances, conclusions as to currents by the finding of
accidental drifting objects are incomplete, because the locality and the
time at which the drift started are not known, nor is it known how long
the object might have been lying on the beach before discovery. It is
also difficult to determine to what extent such drifting bodies have
“sailed” through the water, being carried forward by winds.

More than a century ago, in order to overcome such uncertainties,
drzjl bottles were introduced. These are weighted down with sand so
that they will be nearly immersed, offering only a very small surface for
the wind to act on, and they are carefully sealed. They contain cards
giving the number of the bottle, which establishesthe locality and time of
release, and requesting the finder to fill in information as to place and
time of finding and to send this information to a central office.

In order further to insure reduction of the direct effect of the wind,
drift bottles have sometimes been provided with a kind of drift anchor—
for example, a cross-shaped piece of sheet iron suspended about 1 m
below the bottle. In other instances, two bottles have been used, one
of which has been weighted so much that it is carried by the other, the
connecting wire between the bottles being about 1 m long. Still other
experiments have been conducted with two bottles, one containing a
weak acid which in a given length of time corrodes a metal stopper, thus
permitting the sea water to fill the bottle. When this takes place, the
bottles sink to the bottom, where they are held by a piece of sheet metal
that acts as an anchor. Thk device has been used in the shallow waters
of the North Sea, where bottom trawls are used extensively by fishermen,
who recover many of the bottles.

The interpretation of results of drift-bottle experiments presents
difficulties. In general, a bottle has not followed a straight course from
the- place of release to the place of finding, and conclusions as to the
probable drift must be guided %y knowledge of the temperature and
salinity distribution in the surface layers. Fairly accurate estimates of
the average speed of the drift can be made if the bottle is picked up from
the water, or if a special drift bottle is brought up from the bottom.
Bottles that are picked up on frequented beaches can also be used for
estimating the speed of the drift. Tait’s conclusions (1930) from the
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results of drift-bottle experiments in the esate~n North Sea afford an
example of ingenious interpretation. Numerous bottles thrown out
simultaneously in about lat. 57*N, long. 4°E were found on the coast of
Jutland, the apparent time of drift in most cases being a multiple of
twenty days. Tait assumed that off Jutland there was an eddy, as
indicated by the distribution of salinity, and that the time for completing
one circuit in the eddy was about twenty days. If most of the bottles
had been drawn into this eddy and had escaped after having completed
one, two, or more circuits, the equal time intervals at which the bottles
were washed up on the beaches would be accounted for.

Drift bottles have been used successfully for obtaining information
as to surface currents over relatively large odean areas, such as the
equatorial part of the Atlantic Ocean (Defant, 1929, p. 34) and the seas
around Japan (Uda, 1935). They have supplied numerous details in
more enclosed seas like the English Channel and the North Sea (Fulton,
1897; Carruthers, 1930; Tait, 1930), but have proved less successful off
an open coast (Tibby, 1939). ~

The drift method can also be used for obtaining information as to
currents in a shorter time interval. The currents derived from ships’
records are determined by this method (p. 428) and give the average
surface current in twenty-four hours or multiples of twenty-four hours.
From an anchored vessel, say a lightship, the surface current can be
determined either by a chip log (Bowditch, 1934, p. 11) or by drift buoys,
below which, in general, there is a” current cross” acting as a sea anchor.
Thk type of drift buoy was used on the Challenger. The latter methods
give nearly instantaneous values of the surface currents at the place of
observation.

Near land the methods can be elaborated in such a manner that the
drift of a body can be determined in detail over long distances and long
periods. A drifting buoy can be followed by a vessel whose positions
can be accurately established by bearings on known landmarks, or the
buoy can be provided with a mast and the direction to the buoy ckn be
observed. Its distance from a fixed locality can then be measured by a
range finder. Both methods have been used successfully. The latter ,
can also be employed in the open ocean by anchoring one buoy, setting
another buoy adrift, and determining the bearing of and the distance to
the drifting buoy from a ship that remains as close as possible to the
anchored buoy.

Still another drift method has been used with advantage in order to
determinethe ice drift in shallow watersout of sight of land. The method
consists in letting a weight drop so rapidly to the bottom that it sticks
in the bottom mud. The time and the length of wire rope payed out
are recorded, and then more wire rope is payed out according to the
drift of the ice floe to which the vessel is tied up. After a given length of
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time the wire rope is tigh~enedand the total length payed out is recorded
as the weight is pulled out of the bottom mud. The direction of stray
of the wire is also recorded, and from these data the drift of the ice can
be computed.

Flow Methods

From an anchored vessel or float, currents can be measured by sta-
tionary instruments past which the current flows, turning a propeller
of some type or exerting a pressure that can be determined by various
methods. The advantage of these instruments is that observations
need not be limited to the currents of the surface layers but can be
extended to any depth. The obvious difficulty is to retain the instru-
ment in a fixed locality so that the absolute flow of the water may be
measured and not merely the flow relative to a moving instrument. In
shallow water a vessel can be anchored so that the motion of the vessel
is small enough to be insignificant or of such nature that it can be elimi-
nated. In deep water, current measurements were first made from
anchored boats, but in later years the technique of deep-sea anchoring
has been advanced (p. 361) to such an extent that vesselslike the Meteor,
Armauer Hansen, and Atlantis have remained anchored in depths of
from 4000 to 5500 m for days and weeks. In other instances, relative
currents have been measured from slowly drifting vessels.

Maintaining a vessel at anchor for a long time is expensive, and
devices have therefore been developed for anchoring automatic recording
current meters that can be left for weeks at a time (p. 370). Measure-
ments of currents very close to the sea bottom cannot be made safely
from an anchored vessel, no matter how securely it is kept in position,
because an instrument suspended from the vessel cannot be retained at a
constant distance from the bottom owing to the motion due to swells
and tides. This difficulty was first overcome by Nansen, who lowered a
tripod to the sea bottom and suspended a current meter from the top of
the tripod. The same method was later used by Stetson (1937), Revelle
and Fleming (p. 480), and Revelle and Shepard (in press). The latter
suspended three current meters from the top of the tripod and thus were
able to obtain simultaneous measurements of currents at three levels
within less than 2 m of the bottom.

Current Meters

Current meters differ in design, but all propeller or cup instruments
have some device for counting the number of revolutions of the propellers
or cups in a given time interval, a vane for orienting the meter in the
direction of the current, and a more or less complicated mechanism for
recording this direction, either relative to the magnetic meridian (by
compass) or relative to some fixed plane (bifilar suspension). Instru-
ments that measure the pressure may not have a vane, because the
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direction can be obtained by the deflection of some kind of pendulum.
An advantage of the propeller or cup instrument is that in general a
linear relation exists between the velocity of the current, V, and the
number of revolutions per minute, n:

v =a+bn,

where u and b are constants which must be determined by calibration
for each instrument and for each propeller used in that instrument.
For a well-balanced propeller running in the best bearings the constant
a is about 0.5 cm/see, but currents of velocities less than 2 cm/sec are
not reliably recorded. The pressure exerted against surfaces facing the
current is more nearly proportional to the square of the velocity. The
actual relationshipbetween the velocity of the current and the indication
of an instrument measuring pressure must be ascertained by calibration,

Use of a compass for determining the direction of the current has the
disadvantage that near a steel vessel a compass needle will be greatly
influenced by the ship’s magnetism. The deviation due to the ship’s
magnetism may be as much as 180°; that is, off the side of a vessel a
compass needle may be completely reversed. This deviation, which
decreases rapidly with depth, depends upon the heading of the ship, the
latitude,. and the depth of the current meter. It changes with time
because a great part of the ship’s magnetism is hot permanent, It is a
hopeless task to determine this deviation for all headings of the ship and
all depths of measurement, and therefore a compass should not be used
for observing directions from a steel vessel at depths of less than 50 m.
Even from wooden vessels directions by compass have to be carefully
examined, particularly if the depth is less than 20 m. For the upper
layers, a bifilar suspension is recommended with an arrangement for
recording the direction of the current relative to the orientation of the
bifilar frame, which again can be determined by means of the ship’s
heading. A compass instrument can be used near the surface from an
anchored boat, particularly if a manila rope is used for anchoring and
not a steel rope or an anchor chain.

All propeller and cup instruments suffer from the dkadvantage that
drifting material may impede the motion of the screw or stop it com-
pletely. Instruments designed to be left in position for a. long time
should be checked at frequent intervals to insure perfect functioning.
It should also be borne in mind that jellyfish or similar organisms may
be caught on the wire rope and prevent a messengerfrom passing.

Owing to its simplicity and reliability, the Ekman current meter
(Ekman, 1905, 1932) has been and still is widely u~ed. This instrument.
is described in detail below. The greatest disadvantage of the Ekman
meter is that only one instrument can be attached to the wire and that
it has to be hauled up to be read after each period in which the propeller
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has been free to turn. In order to facilitate work at great depths,
Ekman constructed a more complicated repeatiW current meter, the
propeller of which can be released and arrested by messengers. Thus a
series of observations can be obtained before the instrument has to be
hauled up, either at one and the same depth or at a number of different
depths. At the Scripps Institution of Oceanography, C. A. Johnson has
developed a modified suspension for the Ekman meter so that several
instruments can be attached to the same wire. The propeller of each
instrument can be released and arrested by messengers in a manner
similar to that employed when using the Nansen water bottles, and thus
nearly simultaneous measurementsat several depths can be obtained.

Continuously recording current meters have obvious advantages,
but they are complicated and expensive. The recording device may be
mechanical, requiring a clockwork that will function reliably in sea
water, or electrical, requiring contacts that are insulated from the sea
water, or photographic, requiring a watertight chamber which can with-
stand the pressureand in which the photographic equipment is enclosed.
Detailed descriptions of various designs are given by Thorade (1933).
Here only a brief summary is given of the most important features of
instruments that have been or are in use.

EKMAN CURRENTMETERS (EKM..AN,1905, 1932). The essential
parts of this instrument are the propeller, the revolutions of which are
recorded on a set of dials, the compass box, with the device for recording
the orientation of the meter, and the vane which orients the instrument
so that the propeller faces the current (fig. 88). The free swing of the
instrument is ensured by mounting it in ball bearings on a vertical axis.
The wire for lowering is fastened to the upper end of this axis, and a
suitable weight is attached below the axis. The instrument is balanced
in water so that the axis is vertical. The carefully balanced propeller,
with four to eight thin, light blades, runs inside a strong protective ring
but can easily be removed for inspection or transportation. The axis of
the propeller runs with tantalum points on agate bearings. Inside the
protective ring is a lever that can be operated by messengers. With
the lever in its lowest position the propeller is arrested, and in this state
the instrument is lowered. When the desired depth is reached, a mes-
senger weight is dropped, pushing the lever up to its middle position and
releasingthe propeller, the turns of which are recorded on a set of dials.
After a number of minutes a second messenger weight is dropped which
pushes the lever up to the highest position and stops the propeller. In
later types the propeller is also shielded in front when the instrument is

,. lowered in order to prevent fouling of the propeller by such organisms
as medusae, This front shield is opened by the first messenger.

The direction of the current is recorded by an ingenious device that
is simple and reliable. A tube extends from above the dial box to a
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disk on the axis of the cogwheel, which turns once when the propeller
makes one hundred revolutions. This tube is filled with phosphor-
bronze balls about 2 mm in diameter. In the disk me three indentations
corresponding to the size of the balls. When one of these indentsSiions
passesbelow the tube, a ball drops into it and is carried around with the
disk until it drops into a second tube that extends downward and ends
above the center of the compass box. In the compass box, which can
be easily removed from the bar to which it is fastened, a system of mag-
nets swings freely on a pin that runs on agate. The frame to which the
magnets are fastened carriesa bar that is shaped like a wide, inverted V.

Fig. 88. The Ekman current meter. Messenger,dials, and compass
box are seen. Propelleris hiddenby protective ring.

The upper side of one arm of the bar is trough shaped, so that a ball
dropping through a hole in the center of the lid of the box runs down in
this trough and falls to the bottom of the box, which is divided into
thkty-six compartments, each corresponding to an angle of 10°, and
marked N, N 10”E, N 20°E, and so on. The compass box is rigidly
connected to the vane of the meter, but the magnets of the compass
adjust themselves in the magnetic meridian. The compartment into
which the ball drops therefore indicates the direction of the vane-that is,
the direction of the current at the moment the shot fell. In general,
several shot fall during one observation, since one ball drops for each
thirty-three revolutions of the propeller. The average direction of the
current is obtained by computing the weighted mean according to the
distribution of the balls. If the direction has varied widely during a
short r)eriod of observation, the average direction will be uncertain or



370 OBSERVATIONS AND COLLECTIONS AT SEA

even indeterminate, in which case the average velocity as computed
from the revolution of the propeller has no meaning.

EKMAN REPEATINGCURRENTMETER (EKMAN, 1926). In this
instrument the propeller is released and stopped by messengers. When
the propeller is stopped, three numbered balls are released from a con-
tainer. One ball drops down into a compass box, giving the direction
of the current at the time the propeller was stopped, and two balls are
guided into other slots by the position of dials turned by the propeller.
From the slots into which the balls fall, the positions of the dials can be
found and thus the number of revolutions of the propellercan be obtained.
The messengers are designed to split when they strike the instrument,
and the two parts are caught in a container. The operation can be
repeatedforty-seven times, when the store of numbered balls is exhausted.

CARRUTHERSRESIDUALCURRENTMETER (T~ORADE,1933). This
instrument is designed for giving the residual current over a long period
of time. It has no device for directly recording the revolutions of the
cups, but after a certain number of turns a ball is released and drops
down into a compass box similar to the compass box of the Ekman
meter. The velocity is obtained from the number of balls released.
The balls are supplied from a large box containing more than 22,000.
At the end of the period of measurement, which may comprise one or
more days or even weeks, the number of balls in the slots of the compass
box are counted. From these data and the calibration results the
average direction and velocity can be found.

BOHNECKEMECHANICALRECORDINGCURRENTMETER (THORADE,
1933). In this current meter the propeller drives a set of horizontal
dials with raised numbers on their vertical rims. A similar dial is
attached to the magnet of a compass. A strip of tin foil passes the
vertical rims of these dials, being rolled by clockwork from one spool to
another. At intervals of five or ten minutes a hammer presses the tin
foil against the raised numbers on the rims of the disks, thus recording
the positions of the dials, which are turned by the propeller and the
magnets of the compass. The instrument can also be suspended in a
bifilar frame and the direction relative to the orientation of that frame
can be recorded. The instrument has not been widely used, probably
because it is difficult to find material for the spring in the clockwork,
which will be exposed to sea water.

WITTINGELECTRICALRECORDINGCURRENTMETER(WITTING,1923).
In this instrument the axis of a wheel that is turned by a propeller
carries an eccentric disk operating a fork-shaped lever. Through a
semiwatertight connection, one part of the fork is brought into a circular
box filled with petroleum, where it raisesor lowers a magnet. In raised
position the magnet is free to swing, and no electrical current passes
through the system. In lowered position the frame to which the magnets
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are fastened serves as a key that closes the electric circuit by providing
contacts between an inner solid contact ring and an outer contact ring
that is split in segments. One electric conductor is connected with
the inner contact ring, and the other conductor is connected with the
segments by resistances of different magnitudes. Thus, the total resist-
ance in the electrical circuit, the current in which is supplied from a
storage battery of nearly constant voltage, depends upon what segment

I of the outer ring the magnet frame touches when lowered—-thatis, upon
the direction of the current. The recording instrument is a milliammeter,
the pen of which records a deflection when the magnet is in lowered
position. The time intervals between deflections give the velocity of
the current and the magnitude of the deflections give the direction.

SVERDRUP-DkHLELECTRICALRECORDINGCURRENTMETER,COMPASS
TYPE(SVERDRUPANDDAHL,1926; SVERDRTJP,1929). This instrument is
similar to the Witting current meter except that the contact rings are
not enclosed in a semiwatertight box, but are arranged at the top of an
inverted brass cylindrical container that serves as a diving bell. Before
the instrument is lowered, petroleum is introduced into a vessel in the
cylinder. When lowering, the petroleum floats on top and protects
the contacts against the sea water, which, with increasing pressure,
rises higher and higher. The magnet rests on a pin that is lifted and
lowered as the propeller turns. The electric wiring differs somewhat
from Witting’s, but the record is similar,

SVERD~UP-DAHLELECTRICALRECORDINGCURRENTMETER,BIFILAR
TYPE. In thk current meter the vane of the instrument turns a sliding
contact that rests against a resistance ring rigidly connected with the
bifilar suspension. The electric circuit is closed and opened by a key
operated by the propeller, remaining closed for about eighty revolutions
of the propeller and open for about twenty. The electric contacts are
arranged at the top of a ‘{diving bell,” and a recording milliamrneter
serves as recording instrument. The last-named three instruments
require only one insulated conductor, the suspension wire serving as a
second conductor.

OTT ELECTRICALRECORDINGCURRENTMETER (THORADE,1933).
In this meter the current velocity is recorded on a chronograph on which
a mark is made electromagnetically when the propeller has completed
a given number of turns. The direotion is not recorded continuously,
but by a somewhat complicated arrangement it is shown on a dial when-
ever the observer on board ship pressesa button. All electrical contacts
are enclosed in petroleum-filled chambers. Two insulated conductors
are required.

RAUSCHELBACHELECTRICALRECORDINGCURRENTMETER (RAUS-
CHELRACH,1929). This instrument is designed for bifilar suspension.
The velocity is recorded on a chronograph by contacts made for every
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ten or twenty revolutions of the propeller, and the direction is also
recorded on the same chronograph, using a number of contact segments
that are arranged in such manner that the direction is obtained with an
accuracy of * 1.5°. The contacts are closed every five or ten seconds,
and thus the currents are recorded in great detail. The instrument
requires two electric cables with seven wires in each. /

PETT~RSSONPHOTOGRAPHICRECOEDINGCUIZREN~METER (O.
PETTERSSON,1913, H. PETTERSSON,1915). The propeller of this meter
is mounted on a vertical axis below a watertight cylindrical chamber.
Outside this cylinder the propeller, through a reduction gear, turns a
strong magnet which by induction turns a similarmagnet in the cylinder.
The magnet in the cylinder carries a disk with a transparent division
along the rim. The compass carries a smaller disk “with transparent
division, the two disks being concentric. A short cylinder of soft iron
shields the compass magnet from the magnets rotated by the propeller.
Every half hour the positions of the two disks are photographed on a
film that is advanced by clockwork. The clockwork also turns on and
off a small electric bulb, the power for which is supplied by a storage
battery. The meter is designed for suspension below a buoy that can
be anchored 10 m or more below the sea surface and left for two weeks.

IDRACPHOTOGRAPHICRECORDINGCURRENTMETER (IDRAG,1931).
The cups of this instrument are mounted on a vertical axis and operate
an electric contact which is placed at the top of an inverted cylindrical
container similar to that used in the Sverdrup-Dahl meter, When the
electric circuit is closed, a lamp is lighted and a mark is made on a film
that is advanced at a constant speed by clockwork. The clockwork
and the camera are enclosed in a watertight cylinder, and a storage
battery is enclosed in a similarcylinder. The current velocity is obtained
from the number of marks on the film in one hour. The direction is
recorded continuously. Attached to the magnet of the compass is a
black disk on which are marked two white concentric circles connected
by a white spiral. The spiral rises from the outer to the inner circle in
exactly 360 degrees. The camera is mounted above the disk and is
provided with a narrow slit through which a very narrow strip of the
disk is photographed, the two white circles and the white spiralappearing
as points. If the orientation of the meter relative to the magnetic
meridian remains constant, all points will produce straight lines on the
moving film, but, if the meter turns, only the two circles give straight
lines and the spiral gives a curve from which the orientation of the meter
—that is, the direction of the current—is obtained.

WINTERSPHOTOGRAPHICRECORDINGCURRENTMETER (THORADE,
1933). The Winters meter is constructed on principles similar to those
of the Petterssonmeter, but photographs of the counting device and of the
position of the compass card are obtained at intervals of five minutes,
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The power for the light is supplied from the vessel or the float from which
the meter is suspended.

NANSEN PEINDULWMCURRENT METER (NANSEN, 1906). Thk
instrument is designed for mounting on a tripod and for measuring very
weak currents near the sea bottom. A light pendulum swings above a
slightly concave disk which is carried by a magnet and which is covered
by graduated waxed paper. At short intervals of time a clockwork
lowers the pendulum and a fine stylus attached to its bottom marks
the paper, indicating the direction and velocity of the current.

JACOBSEN’SBURBLE CURRENTMETER (JACOBSEN,1909). This
current meter is designed for use from such vessels as lightships. It
employs no propeller or compass, but measures the magnitude and
direction of the deflection of a pendulum relative to the ship from which
the pendulum is lowered into the water. Cylinders open at both ends
are used as pendulums. The line from the cylinder is fastened to a rod,
the orientation of which as to inclination and plane of inclination is
observed by a bubble in a segment of a sphere.

BUCHANAN-W•LLASTONMECHANICALRECORDINGCURRENTMETER
(BUCHANAN-W•LLASTON,1925, 1930). In this instrument the current
velocity is recorded by the pressure exerted by the current against two
perforated disks which always remain in a vertical position and which
are made to face the current by a vane. The recording unit is enclosed
in a watertight cylinder that is mounted horizontally and that turns
around a horizontal axis when pressure is applied to the two perforated
disks. The turning of the cylinder is recorded, and at intervals of
twenty minutes the direction by compass is indicated. The instrument
has the advantage that it carriesno screwto be clogged by drifting objects,
but it is not sensitive to weak currents, since the minimum velocity
that can be recorded is about 12 cm/sec.

Analysisof Recordsof Currents

Different m’ethods of representing surface currents are discussed on
pp. 427430. For currents of a periodic character, it is convenient in
most cases to compute the north-south and east-west components of the
cmrrentsor the components referred to some other coordkate system,
say parallel to and at right angles to the coast. The components can
readily be subjected to harmonic analysis or to other forms of statistical
treatment, subsequent to which the results can be represented in a
simple manner (see fig. 145, p. 573). Harmonic analysishas been widely
applied and is a very useful tool (see Thorade, 1933).

COLLECTION AND ANALYSIS OF BIOLOGICAL SAMPLES

Biological investigations in any area consist essentially of two parts:
(1) descriptive and (2) analytical.
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The descriptive part is concerned ohlefly with determining the kind
of the organisms present and their phylogenetic relationships, and with
establishing their geographic and bathymetric distribution. This
phase of marine biology was the first to develop historically, and is
naturally the first in the investigation of new areas. The relative volume
of strictly descriptive work gradually diminishesas the various groups of
organisms and their distribution become known, but the application of
the results will always be a part of biological studies.

The second, or analytical, phase is concerned above all with the
factors operative in the development and distribution of the populations
and with the biologic economy of the inhabitants as related to the inor-
ganic and organic factors of the environment. Some of the factors
operative in nature can be studied under controlled experiments in the
field or in the laboratory, but in any event the information gained must
be applied to an interpretation of the complex environmental conditions
as they affect the lives of organisms found in the sea. Therefore, the
collection of representative samples of plants and animals in nature and
the analysis and interpretation of these samples become items of prime
importance in order that true correlations can be found.

From the outset it must be realized that at best any sample of
organisms collected from the sea is only a minute portion of a population
that may occupy a tremendously large area of the sea or only a restricted
portion thereof, and that the concentrations are often very irregular. It
is only through the collection of numerous samples in various areas and
seasons that a true picture of the members of the population—their
distribution, life cycles, and interrelations—can be acquired. The
nature, size, motility, and habitat of the organisms determine the type of
collecting equipment to be used.

Collectionof BenthicOrganisms

In the intertidal region, only simple equipment is needed, but for
collecting in deep water various types of dredges and grabs are used.
A dredge (fig. 89b) consistsessentiallyof a heavy rectangular or triangular
iron frame to which is attached a baglike fish net of cotton or wire web
to retain the organisms. The dredge is dragged on the bottom by means
of a wire cable operated from a power winch aboard a slowly moving ship.
‘I’he size of dredges used varies greatly, depending upon the equipment
available for their manipulation aboard ship. A practical size for use on a
vessel 15 m or more in length and in water of moderate depth has a beam
of about 1 m. Only stationary or slowly moving organisms are caught;
microscopic forms are included if they are incidentally attached to larger
animals and plants or in sediment that has not been completely washed
through the meshes of the net during the ascent of the dredge. The
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dredge has its greatest usefulness in collecting material for qualitative
rather than for quantitative study.

Illustrative of equipment for quantitative collecting of benthlc
life is the Petersen grub, or bottom ”sampler,developed by Petersen (1918)
for quantitative investigation of benthic animals in relatively shallow

Fig. 89. Gear for biological oolleoting: a, Petersengrab; b, dredge; c, beam-
trawl; d, otter-trawl.

waters. It consists of a pair of very heavy metal jaws that are held
open during the descent (fig. 89a). When the grab strikes the bottom,
the slackened cable releases the tension on a clutch that holds the jaws
open, and, when the cable is again drawn tight by the winch aboard
ship, the jaws snap shut by their own weight and enclose the material,
including the sessileorganisms, covering a measured area, usually 0.1 m2,
of the bottom over which the open jaws descended. The organisms
caught are screened from the bottom sediments, classified, and counted
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to give a figure from which to ealcula$e the number and kinds of animals
present per square meter of the bottom in the area sampled. The grab
cannot be used successfully on hard or stony bottoms or in very deep
water.

Small snappersand coring devices (figs. 84, 85) are useful in collecting
quantitative biological samples only of microscopic organisms such as
foraminifera and bacteria.

Collectionof Nekton

In commercial fishing, diverse methods involving nets, trawls, traps,
hooks, and harpoons are used, depending upon the animals sought, but
we shall here consider only the trawl, which has been much used in
collecting deep-water animals for scientific research. The beam trawl
(fig. 89c) is constructed somewhat like the dredge, but the frame does
not form a digging and scraping edge and it may have a much larger
opening, up to 15 m or more; since it is not designed to dig into the
bottom, it may be towed at greater speed and thus catch the faster-
moving animals—shrimps, fishes, and so forth—--thatlive on or near the
bottom.

For pelagic trawling the otter trawl is used mostly. The opening
to the web sack is kept distended, not by a rigid beam, as in the beam
trawl, but by means of otter boards attached to opposite sides of the
opening. Upon being towed, these boards are forced apart by the
resistance of the water (fig. 89d). The span of the opening may be 20
to 26 m and the net may be 40 m long. A smallotter trawl was employed
successfully by the Michaei Sam in fishing at depths as great as 5160 m.

The ring trawl is essentially a large, relatively coarse plankton net
attached to a strong ring of large diameter and provided with a towing
bridle (see below).

Collectionof Plankton

A great variety of nets and other equipment has been used in obtaining
samples of the phyto- and zooplankton. The plankton tow net was
apparently first introduced by Johannes Miiller in 1846 and has found the
widest use of all plankton-collecting devices.

The plankton net consists of a filtering cone attached to a metal
ring by which the net is towed through the water. Detailed instructions
for cutting patterns for ordinary nets are given by Seiwell (1929). The
filtering material forming the net is usually some grade of silk bolting
cloth of the type used for sifting flour. It is numbered from 0000 to 25,
depending upon the number of meshesper linearinch. The strandsare so
woven that the aperture size is not readily changed; hence they differ
frop those in ordinary weaving, where the strands cross each other
alternately without a binding turn (fig. 90). The dimensions of the
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apertures between the strands are the important features to consider,
because these determine the size of the smallest organisms that will be
retained by the net (fig. 90). It has been shown repeatedly through
comparison with centrifuged water
contents of filter-feeding animals
that many organisms living in the
plankton pass readily through the
meshes of the finest woven bolting
cloth. In practice the minimum
size of the organisms to be caught
should be determined, and the
coarsest net applicable to this size
should be used. In table 59 the
dimensions of the various sizes of
standard bolting cloth are given for
reference. The aperture sizes be-
come less after considerable use in
the water. The qualities of silk
used are: standard, X (extra
heavy), XX (double extra heavy),
and XXX (triple extra heavy).
The heavier qualities result in a
smalldifference in aperturesize and
number of meshes per inch for any
given number of cloth. Stramin,
a heavy screeningmaterial of aper-

and by examination of the stomach

*
I mm

1

Fig. 90. Enlarged camera lucida
drawingto show weaveof No. 20 bolting
cloth, together with aperture size com-
pared with the size of some common
plankton organisms drawn to the same
scale. Organisms, horizontal row: Cos-
c&odi.wxm grar@ nauplius Stage III
Acartia; early clam larva, Proroctmtrurn
micans, D$@m, Dinophysis, Chaetoceros,
Ceratium tripes. Vertical row, down:
Favella,nauplius Stage I, Acarticz, iYteno-
somslta,Ceratium furea. On cloth: Cos-
cinodiwus waileii and Rhizosotda semi-
spina, two unusuallylarge diatoms.

ture 1 mm, is frequently used for the larger nets or ring trawls, but the
heavier strands are of some disadvantage since they cause increased
resistance in towing through the water.

At the cod, or tail, end of the net a detachable jar, vial,, or small
strainer of some type is placed to receive the concentrated tow.

A continuous pkznkton recorder has been developed by Hardy (1936)
for towing behind a ship while under way at full speed. The machine
is essentially a torpedo-shaped tube, circular or rectangular in cross
section, and about 1 m long. The front end is provided with a small
hole for entrance of water as the machine is hauled forward. This
opening leads to a wider tunnel across which a long band of silk gauze is
slowly wound from one spool to another and jhrough which the water
must pass before its exit by way of a hole at the rear end of the tube.
The gauze, with the plankton screened from the water, is continuously
rolled onto the storage spool. The winding is done by a propeller outside
of the machine, and thus the speed at which the band is wound within
the machine is controlled by the speed with which the whole machine
is drawn through the water and is therefore in direct relation to the



378 OBSERVATIONS AND COLLECTIONS AT SEA

distance traveled. The purpose of the machine is to provide quantitative
and qualitative samples in studying the distribution and patchiness of
plankton swarms over wide areas. Its use is considered supplementary
to the scattered collections made by tow nets at widely separated stations.

T..iBLE59
AVERAGE APERTURE SIZE OF STANDARD GRADE DUFOUR BOLTING

Silk No.

0000. . . . . . . . . . . . . .
000. . . . . . . . . . . . . .
00. . . . . . . . . . . . . .
0., . . . . . . . . . . . .
1 . . . . . . . . . . . . . .

2. . . . . . . . . . . . . .
3 . . . . . . . . . . . . . .
4., . ., ...,...,,
5 . . . . . . . . . . . . . .
6... . . . . . . . . . . .
7 ,. ..,... . . . . . .
8
9::::::::::::::

—

SILK

Meshes
per inch

18
23
29
38
48
54 ,
58
62
66
74
82
86
97

Sizeof
aperture

(mm)

1.364
1.024
0.752
0.569
0.417
0.366
0.333
0.318
0.282
0.239
0.224
0.203
0.168

Silk No Meshes
per inch

109
116
125
129
139
150
157
163
166
169
173
178
200

Sizeof
&perture

(mm)

0.158
0.145
0.119
0.112
0.099
0.094
0.086
0.081
0.079
0.077
0.076
0.069
0.064

A smaller and simpler device known as the plankton indicator has
been developed (Hardy, 1936) mainly for use by herring fishermen in
determining the general type of plankton in the water before casting their
nets. It consists of a tube 56 cm long, 8.9 cm in diameter, and with both
ends tapering to 3.8-cm openings. Across the lumen of the tube a
small disk of bolting cloth is placed for screening out the plankton as the
tube is drawn forward through the water at full speed of the boat. The
dkk can be quickly removed and a clean one inserted, thus allowing
frequent direct gross examinations to determine whether patches of
phyto- or zooplankton are being traversed (see p. 907),

ZOOPLANKTON.Attempts to standardize the nets of various types
have led to a comparison of the “catching power” of several common
nets as compared to the Hensen egg net, which for basis of comparison is
rated as having a catching power of 1.0 (Kunne, 1933). In comparison
with the Hensen net, the Nansen net was found to have a catching power
of 0.87, or, in other words, under comparable conditions quantitatively
it caught nearly the same number of animals in the same proportion as
the Hensen net. The standard net, which is a modified Nansen net,
caught much less, its catching power being only 0.1, whalethe Helgoland
larvae net was rated at 4.1. It should be emphasized that the catching
power refers only to the relative capacity of each net to catch the animals
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of the xnacroplankton when the composition of the population, speed of
hauling, and condition of the sea are comparable. When field work
includes collection of microplankton, it becomes necessary to use iine
nets (p. 819), even though the catching power, as determined above,
is small. The types of nets, their dimensions, and other specifications,

,,

together with

Fig,91. Typesof planktonnets,theirlength,
mouthdiameter,typeof filteringmaterial,andrela-
tivecatchingpower(c.p.),asexplainedintext:ato
edrawnto samescale;j to hto a reducedscale. a,
Henseneggnet;~,Nansennetopen;~,Nmsennet
closed;d, standardnet; e,mediumEpsteinnet;f,
Hensenegg net; g, Helgolandlarvanet; ~, large
verticalnetof stramin.

their catching power (c.p.), as referred to the Hensen egg
net, are given in fig, 91.

The truncated nets, illustrated especially by the 13ensenegg net and
the Apstein net, have a reduced opening at the head end in order to
increase the ratio of the filtering area of the net to its mouth area and
at the same time, by means of the canvas head piece, to minimize back-
wash while the net is being towed through the water.

Some nets, illustrated by the Nansen and standard nets, may be
closed by means of a messenger that activates a mechanism (fig.. 92)
releasing the bridle lines and thus causing the strain to fall upon the
puckering line, which, at any desired depth, closes off the head end of the
net (fig. 91b,c). Thus it is possible to obtain a sample of the plankton
population at any subsurface level without contamination by the organ-
isms living in the overlying water layers.
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Single nets are sometimes hauled through the water horizontally
at the desired depth, or a seriesof nets may be placed at given intervals
on the wire in order to sampleseveral water strata at once. Commonly a
net is payed out to a given depth, and, after a period of fishing at this
level, it is hoisted successively to a series of higher levels to fish for the
same length of time at each before being hauled in, thus obliquely sam-
pling several strata with one net. In the above.methods of sampling, it
is difficult to obtain an estimate of the amount of water that has been
filtered. A more reliable estimate of the amount of water filtered is

gained if the net is towed vertically
instead of horizontally or obliquely.

In vertical hauls the net, with
the cod end tied to a weight sus-
pended by long lines from the top
ring, is lowered to the desired depth
and then raised vertically, filtering
a column of water the length of the
course traversed. There is always
a considerable amount of backwash,
however, resulting from the resist-
ance of the net, especially if it is
constructed of fine mesh or has be-
come partially clogged by the
plankton. Hence somewhat less
water has been filtered than would
have gone through an open ring of
the diameter of the net mouth.
Therefore, when using the area of

Fig. 92. A tripping mechanism for the net opening as the cross section
closing nets and similar apparatus at of the water column filtered, the
subsurfacelevels; back and side views. figures obtained for the number

of organisms caught are always
minimal ones. As a rule, also, it is not possible to haul the net exactly
vertically, since the boat from which it is operated usually drifts more or
less, resulting in a haul somewhat longer than the true vertical. There
appears to be no sure method of avoiding these types of collecting errors
inherent in the use of ordinary nets. Sometimes a recording meter is
placed in the mouth of the net so that the water passing into the net
activates a small propeller attached to a counting mechanism. When
properly calibrated, the number of revolutions of the propeller is taken to
indicate the amount of water having passed through the net. From this
the number of organisms per unit volume of water, usually per liter or
per cubic meter, can be calculated, but, owing to unavoidable irregulari-
ties in filtration or analysis, the figures obtained are at best usually Only



OBSERVATIONS AND COLLECTIONS AT SEA 381

approximations. However, in provi~ng a picture of the plankton dis-
tribution in relation to depth, hydrographic features, and so forth, a
knowledge of the absolute number of organisms present, desirable as
it may be, may contribute no more than will a knowledge of the relative
numbers.

Total filtration and exact analysis, of course, will be more nearly
realized in sparsely populated waters, while in dense populations or in
the presenceof gelatinous objects, such asjellyiishesor cast-off appendicu-
larian vestments (“houses”), the errors must become greater. Coarse-
meshed nets provided with a water-measuring device represent the most
ideal combination for collecting, but they are highly selective and can
be used only where such selection is desirable on the basis of size-for
example, in the study of large fish eggs or larvae. For a statistical study
of the variations in catch of plankton nets the reader is referred to Winsor
and Clarke (1940), and the relevant works included in their’bibliography.

In an attempt to overcome the uncertaintiesinherent in net collecting
of plankton, various devices (bottles and buckets) have been designed to
entrap a definite amount of water together with its plankton population
from a definitely known depth. Pumps operated from aboard ship
and provided with a long hose, the intake of which can be lowered to the
desired depth, have been used successfully, especially in fresh water, for
sampling the population at depths down to about 75 m (Birge and Juday,
1922). Known amounts of water from a seriesof depths can in this way
be filtered through fine nets, as the water is delivered from the pump,
which is also provided with a water meter. These methods are excellent
for some purposes, but are also subject to grave limitations, since they are
useful only for inactive or relatively slowly moving organisms, when
abundant and rather evenly distributed, such as diatoms, dinoflagellates,
protozoa, and sometimes larvae. Fast moving, sparse, and irregularly
distributed forms are not likely to be caught with sufficient regularity to
give significant data. The ease with which such s~mples can be taken
makes more samplings possible, and this advantage overcomes somewhat
the adverse features. ,

Except for special studies, the zooplankton caught must be preserved
in the field. Usually a 4 per cent solution of formaldehyde (preferably
neutral) is used for this purpose. The collecting data on the label,
placed inside the jar, should include serial number, date, hour, station
number, depth sampled, and type of net used and how ,~perated. The
laboratory analysis of the samples usually consists of Identifying and
counting all of the desired species occurring in an aliquot portion of the
well-mixed sample. From this is computed the total number of the
selected species occurring in the whole sample. Finally, the volume
of water filtered by the net in taking the sample having been approxi-
mately determined, the population is reported as the number of different



3%2 OBSERVATIONS AND COLLECTIONS AT SEA

species, or development stages, and so on, occurring per cubic meter of
water or per square meter of sea surface. Since it is desirable to know
the total amount of organic material represented by the zooplankton,
the large forms such as jellyfish are first removed and the remaining
volume is reported in milliliters. Volumes are usually obtained by (1)

the seitlingmethod-that is, by allowing the plank-
ton to settle in graduated cylinders and noting the
volume precipitated, or (2) by di~placemwd-that
is, by determiningthe volume of the whole plankton
sample fluid and animals combined, and then filter-
ing off the animals and again determining the vol-
ume- of the fluid alone, the difference in the two
readings being the displacement volume of the
animals. The “water-free” plankton may then
also be weighed, if desired. A number of units
frequently used in reporting plankton material
are summarizedand compared in table 101, chapter
XIX, p. 929.

PHYTOPLANKTON.The regular Nansen hydro-
graphic water bottle (fig, 87) is much used for col-
lecting phytoplankton samples, or, if largersamples
are deeired, the Allen bottle (fig. 93), with a capac-
ity of 51, can be used. When the Nansen bottle is
employed, samples from certain levels, usually 1,

%’- 10, 25,40,75, 150 m or more, are tapped off directly
into as many citrate bottles, neutral formaldehyde
preservative is added, and the bottles are stored for
examination in the laboratory. When the collec-
tion has been made with an Allen bottle (or similar
large collector) at similar depths, the catch is

Fig. 93. Allen immedlately concentrated in a small volume of
phytophmkton bot- water (100–150 ml) by filtering through a
tle wit h filtering small net of NO 25 bolting cloth. The sample
net ‘n p1aCe ‘or is then preserved as above for study in theemptying.

laboratory.
When the sample has not been concentrated in the field, the labora-

tory analysis consists first of centrifuging a measured portion (say
10 to 50 ml, depending upon the abundance of plankton) of the well-
shaken sample. The clear fluid”is withdrawn by means of a pipette,
and the organisms that have been thrown down in lhe centrifuge tube
are removed, together with the remaining fluid, to a cross-ruled glass
slide. They are then covered by a cover slip, and the organisms are
identified and enumerated under a compound microscope (Gran, 1932),
The ,numbers obtained form the basis for calculating and reporting the
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concentration of each species in a liter of sea water as oollected in the
field.

If the sample was concentrated in the field by
portion of the concentrated sample is placed in
counting cell holding 1.0 ml of the sample, and the
organisms are examined and reported as above.

The phytoplankton population may also be
conveniently analyzed chemically by extracting the
yellow pigments with acetone and reporting the
population in numbers of plant-pigment units. In
this analysis, the diatoms are filtered from a known
quantity of water, and the pigmenk are then ex-
tracted with a measured volume of acetone. The
tinted acetone resulting is compared calorimetrical-
ly with an arbitrary standard prepared by dksolv-
ing 25 mg of potassium chromate and 430 mg of
nickel sulphate in 1 1 of water. One milliliter of
the standard solution is equivalent to one” pigment
unit.)’ For a fuller discussion of this method and
of other means of estimating phytoplankton pro-
duction through utilization of plant nutrients and
through oxygen production and consumption, see
chapter XIX.

BACTERIA. The collection of bacteriid samples
presents a very special problem, since they must
be sterilely taken. In fig. 94 is shown a collecting
bottle in the sampling frame with a combhation
glass and rubber filling tube. This tube is so de-
signed that when the glass section is broken, the
rubber part, which is under tension, projects the
distal end of the tube, with the intake orifice, at
some distance from the bottle and other equipment
(ZoBell, 1941). The sea water entering the sterile
bottle is thus free from contamination by bac-
teria that might otherwise be forced in from the
surface of the sampling equipment. The frame,

filtering, an aliquot
a Sedgwick-Rafter

Fig. 94. Baoteria
sampling bottle in
frame attaohed to
cable. The upper
messenger breaks the
glass intake tube and
releases the second
messenger when sam-
plers areusedin series. ,

with the sampling bottle in place, is attached to the cable, and, at the
desired depth, a messenger trips the tube-breaking device. Since the
bottles are lowered empty, the depth at which samples can be taken
by this means is limited to water pressuresthat will not break the bottle
or force in the stopper. Experiments using rubber bottles to overcome
these difficultiesare now in progress. Laboratory analysis of the sample
collected consistsof plating out a known portion of the sample on nutrient
material and noting the maximum number of colonies that grow, each
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colony being assumed to have originated from a single viable bacterium.
The number of bacteria per milliliterof water at the depth of sampling is
then calculated.

The bacterial population in collected water or mud samples changes
very rapidly, making it necessary to plate out the samples as soon as
they are obtained in the field in order to obtain the most reliable estimates
of the numbers of bacteria in WYU. The type of culture medium used
is of vital importance in obtaining a growth response from the maximum
number of viable bacteria in the sample. Only media made up with
sea water are effective (ZoBell, 1941).

The bacteria from bottom sediments are obtained by sterilely remov-
ing a sample of the undisturbed material in the center of a core taken
with some type of coring device (p. 345).

Interpretation of PlanktonObservations

In the interpretation of field observations on plankton, it must be
remembered that the different requirements of separate species lead to
a more or less complete change of the elements in the population when
external factors, especially temperature and nutrients, become altered in
the water mass inhabited. When such a biological change takes place
within a rather well-defined water mass, whether moving or stationary,
we may speak of it as an irzdividuat population succession. This must
not be confused with a change of population resulting from a sequence
of distinct water masses flowing with their distinct populations into a
given geographical position where successive series of observations are
being made. This type of change may be termed a local sequence. It is
frequently not possible to distinguishbetween these two important types
of changes that may occur in the population of an area under investiga-
tion, though hydrographic data accompanying biological sampling will
aid materially in the interpretation of the biological data by providing
information on the nature of residual movements of water. Local
sequences in populations are likely to be more sudden than individual
population successions, since the latter depend upon biological develop-
ment rather than upon a simple physical shift of water masses. The
former may also at times be slow when neighboring populations become
mixed or scattered only through the process of advection or lateral
mixing.

An example embracing both local sequence and individual population
succession in a population is illustrated by the recent observations of
Redfield (1939) on the history of populations of the pteropod Limacina
retroversa, its entrance and sojourn in the Gulf of iMaine (see also p. 864).
A population of small individuals appears in the Gulf in December with
inflowing water from the east. Caught in the cyclonic circulation of the
Gulf, they gradually decrease in number through mortality or some are
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carried out of the area by residual currents. However, some survive
and reach a maximum sizein five mont!xs,and in late spring theiroffspring
probably mingle with a second invasion of small specimens originating
from offshore, where the species apparently has its main center of repro-
duction. The appearance of the drifting population of Limacha at any
fixed point in the Gulf constitutes a local sequence, whereas the gradual
decrease in numbers and increase in size occurring within the moving
waters of the Gulf represent an individual population succession.

The changes occurring in a population may involve a succession of
development stages of a given species. In view of this it should be noted
that any biological succession observed may result from two causes.
There may be (1) a change in composition of species, owing to different
biological responses to physical or chemical changes (that is, rise or fall
in temperature or nutrient state of the water) that have occurred within
the individual water mass, or (2) a change in the relative maturity of the
population, owing simply to the passage of time and to chronologically
developed stages in the life history of the individuals of one or more -
species. A change in the phytoplankton involving a successionof species
is well illustrated in boreal water, where in late spring or summer there
is commonly a drop in the concentration of diatoms in a predominantly
diatom plankton and an accompanying or following increase in dino-
flagellates. Here two factors, in particular, are operative in the individ-
ual water mass: (1) an increase in temperature (owing to advance of
the season), which favors the warmth-loving dinofiagellates, and (2)
depletion of plant nutrients by the diatoms to a point suboptimal for
their abundant proliferation, but still sufficient for the dinoflagellates,
which are able to reduce the nutrients further and through their motility
to adjust themselves in some degree with respect to favorable light
conditions (see p. 765). The phosphate and nitrate requirements of
certain dinoflagellates (Cemfium sp., Peridinium sp., Prorocentrwn
micans) have been found experimentally to be exceedingly low (Barker,
1935). The maximum rate of division has already been reached with
0.1 parts per million of nitrogen, and this element is probably a limiting
factor only at dilutions of 0.01 to 0.001 parts per million.

A biological succession involving the percentage composition of
developmental stages of a single dominant species associated with lapse
of time is illustrated in studies of the life cycle of Calanus@murchicus
in the relatively slowly flushed waters of the Clyde Sea area (p. 323)
where in Loch Striven it was possible (Marshall, Nicholls, and Orr, 1934)
to trace the successive developmental stages and broods of Calartus
that occur during the seasons.
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