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PREFACE

In the preparation of this volume, the aim has been to collect,
correlate, and present in usable form the mass of data derived from
current observations taken at various times in Narragansett Bay,
Buzzards Bay, Vineyard Sound, and Nantucket Sound, to the end
that basic material in the files of the Coast and Geodetic Survey may
be available for the use of the many individuals and interests desiring
it, and at the same time be insured against loss or destruction to
which all unpublished records are liable.

Most of the results presented are based upon observations taken
in connection with surveying operations of the Coast and Geodetic
Survey. They date back to the year 1844 and include data from
recent comprehensive current surveys covering the waterways men-
tioned above. Some of the observational material was furnished by,
or obtained in cooperation with, other organizations. Special ac-
knowledgment is made to the United States Army Engineers who
furnished data for a number of current stations in the Cape Cod
Canal, and to the Lighthouse Service which cooperated in securing
long series of current observations at a number of lightships. The
section on the general characteristics of tidal currents, which in this
volume precedes the discussion of the currents in the several water-
ways, was taken from “Tides and Currents in New York Harbor,”
U. S. Coast and Geodetic Survey Special Publication No. 111, Revised
(1935) Edition. .

In connection with this publication, attention is directed to the
annual Current Tables, Atlantic Coast, North America. These
tables contain data from which daily predictions of the currents
may be readily obtained for numerous locations in the areas covered
by this volume.

Ir
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CURRENTS IN NARRAGANSETT BAY, BUZZARDS
BAY, AND NANTUCKET AND VINEYARD SOUNDS

TIDAL CURRENTS, GENERAL CHARACTERISTICS
DEFINITIONS

Tidal currents are the horizontal movements of the water that
accompany the rising and falling of the tide. The horizontal move-
jment of the tidal current and the vertical movement of the tide are
ntimately related parts of the same phenomenon brought about by
the tide-producing forces of sun and moon. Tidal currents, like the
tides, are therefore periodic.

M It is the periodicity of the tidal current that chiefly distinguishes
it from other kinds of currents in the sea, which are known by the
general name of nontidal currents. These latter currents are brought
about by causes that are independent of the tides, such as winds,
fresh-water run-off, and differences in density and temperature.
Currents of this class do not exhibit the periodicity of tidal currents.

Tidal and nontidal currents occur together in the open sea and in
inshore tidal waters, the actual current experienced at any point
being the resultant of the two classes of currents. In some places
tidal currents predominate and in others nontidal currents predomi-
nate. Tidal currents generally attain considerable velocity in narrow
entrances to bays, in constricted parts of rivers, and in passages from
one body of water to another. Along the coast and farther offshore
tidal currents are generally of moderate velocity; and in the open
sea, calculation based on the theory of wave motion, gives a tidal
current of less than one-tenth of a knot.

REVERSING TIDAL CURRENTS

In the entrance to a bay or in a river and, in general, where a re-
stricted width occurs, the tidal current is of the reversing or rectilinear
type; that is, the flood current runs in one direction for a period of
about 6 hours and the ebb current for a like period in the opposite
direction. The flood current is the one that sets inland or upstream
and the ebb current the one that sets seaward or downstream. The
change from flood to ebb gives rise to a period of slack water during
which the velocity of the current is zero. An example of this type of
current is shown in figure 1, which represents the velocity and direc-
tion of the current as observed on August 8-9, 1922, in the Narrows,
the entrance to New York Harbor,

The curve of figure 1 was drawn by plotting the velocity of the
current as observed at the beginning of each hour and drawing a
smooth curve that conformed as nearly as possible with the plotted
velocities, The northerly setting or flood velocities wero plotted
above the line of zero velocity and the southerly setting or ebb ve-
locities were plotted below this line. The velocities are given in

1



2 U. 8. COAST AND GEODETIC SURVEY

knots, which is the unit generally used in measuring tidal currents,
and represents a velocity of 1 nautical mile per hour. Since a
nautical mile has a length of 6,080 feet, knots may be converted into
statute miles per hour by multiplying by 1.15, or into feet per second
by multiplying by 1.69.

The curve of the reversing current resembles the tide curve. The
maximum velocity of the flood current, called the strength of flood,
corresponds to the high water of the tide curve, while the maximum
velocity of the ebb, called the strength of ebb, corresponds to the low
water. The current day, like the tidal day, has a length averaging 24
hours and 50 minutes.

The current curve shown in figure 1 represents the current near
the surface in the axis of the channel of the Narrows. From observa-
tion and also from theory it is known that the tidal current extends
from the surface to the bottom. In general it may be said that the
velocity of the tidal current decreases from the surface to the bottom,
the velocity near the bottom being about two thirds that at the sur-
face. But the effects of wind and fresh-water flow may bring about
considerable variation in the vertical velocity distribution.

The current in a channel is also characterized by a variation in
the horizontal distribution of velocity. In a rectangular channel of
uniform cross-section, the velocity is greatest in the center of the
channel, and decreases uniformly to both sides. Combining both the
vertical and horizontal variations, it may be said that the average
velocity of the current in a section of a regular channel is about three-
quarters that of the central surface velocity.

Where the current is undisturbed by wind or fresh-water flow, the
flood and ebb velocities, and the durations of flood and ebb are approx-
imately equal. In this case, too, the characteristics of the current from
the surface to the bottom are much the same. That is, the strengths
of the flood and ebb currents, and also the slacks, occur at about the
same time from top to bottom. If however, nontidal currents are’
present, the characteristics of the tidal low are modified considerably.
The effect of nontidal currents on tidal currents may be derived from
general considerations.

In figure 2 a purely tidal current is represented by the curve,
referred to the line AB as the line of zero velocity. The strengths
of the flood and ebb are equal, as are also the durations of flood and
ebb. In this case slack water occurs regularly 3 hours and 6 minutes
(one-quarter of the current cycle of 12 hours and 25 minutes) after the
times of flood and ebb strengths. If now a nontidal current is intro-
duced which sets in the ebb direction with a velocity represented by
the line CD, the strength of ebb will obviously be increased by an
amount equal to CD and the flood strength will be decreased by the
same amount. The current conditions may now be represented by
drawing, as the new line of zero velocities, the line EF parallel to AB,
and distant from it the length of CD.

Figure 2 now shows that the nontidal current not only increases
the ebb strength while decreasing the flood strength, but also changes
the times of slack water. Slack before flood now comes later, while
slack before ebb comes earlier. Hence the duration of ebb is
increased while the duration of flood is decreased.

1f the velocity of the nontidal current exceeds that of the tidal
current at time of strength, the tidal current in the opposite direction
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will be completely masked and the resultant current will set at all
times in the direction of the nontidal current. Thus, if in figure 2
the line OP represents the velocity of the nontidal current, the new
axis for measuring the velocity of the combined current at any time
will be the line GH and the current will be flowing at all times in the

o" 6 12 18" o* & 12" 18" 24*
W TTT T T T T T T T TT T T T T TTIT]

1 =

VAVA

Aug. 8th Aug. 9th

FIGURE 1.—Current curve, the Narrows, New York Harbor, August 8-9, 1922.

ebb direction. There will be no slack waters; but at periods 6 hours
12 minutes apart there will occur minimum and maximum velocities
represented, respectively, by the lines BS and TU.

Insofar as the effect of the nontidal current on the direction of the
tidal current is concerned, it is only necessary to remark that the re-
sultant current will set in a direction which at any time is the result-
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FIGURE 2.—Effect of nontidal current on reversing tidal current.

ant of the tidal and nontidal currents at that time. This resultant
direction and also the resultant velocity may be determined either

graphically by the parallelogram of velocities or by the usual trigo-
nometric computations.

VARIATIONS IN STRENGTH OF CURRENT

Tidal currents exhibit periodic changes in the strength of the cur-
rent that correspond closely with the periodic changes in range exhib-
ited by tides. Stronger currents than usual come with the spring tides
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of full and new moon and the weaker currents with the neap tides of the
moon’s first and third quarters. Likewise, perigean tides are accom-
panied by strong currents and apogean tides by relatively weaker
currents; and when the moon has considerable declination, the cur-
rents, like the tides, are characterized by diurnal inequality.

As related to the moon’s changing phases, the variation in the
strength of the current from day to day is approximately proportional
to the corresponding change in the range of the tide. The moon’s
changing distance likewise brings about changes in the velocity of
the strength of the current which is approximately proportional to
the corresponding change in the range of the tide; but in regard
to the moon’s changing declination, tide and current do not respond
alike, the diurnal variation in the tide at any place being generally
greater than the diurnal variation in the current.

The relations subsisting between the changes in the velocity of the
current at any given place and the range of the tide at that place
may be derived from general considerations of a theoretical nature.
Variations in the current that involve semidiurnal components will
approximate corresponding changes in the range of the tide; but for
variations involving diurnal components the variation in the current
is about half that in the tide.

TYPES OF REVERSING CURRENTS

Since tides and tidal currents are merely different aspects of the
tidal movement of the waters, the former being the vertical movement
and the latter the horizontal movement, it is to be expected that tidal
currents would show different types, corresponding to the different
types of tide. And observations prove this to be the case. Reversing
currents may be readily classed under the three types of semidaily,
daily, and mixed. The semidaily type is one in which two flood
strengths and two ebb strengths occur in a tidal day, with but little
inequality between morning and afternoon currents. Figure 1,
illustrating the current in the Narrows, New York Harbor, may be
taken as representative of this type.

The daily type of tidal current is characterized by one flood and
one ebb in a day. The upper diagram of figure 3, which represents
the current as observed in the entrance to Mobile Bay, Ala., on May
2-3, 1918, exemplifies this type of current. The mixed type of tidal
current exhibits two floods and two ebbs in a day with considerable
inequality between the forenoon and afternoon cycles. The lower
diagram of figure 3, which represents the current observed in Rich
Passage, Puget Sound, Wash., on March 29-30, 1917, illustrates
this type of current.

In general, it may be said that with reversing currents a given type
of current accompanies a like type of tide; that is, semidaily currents
occur with semidaily tides, mixed currents with mixed tides, and daily
currents with daily tides. But as noted in considering the variations
in strength of current, the variations in the current that involve semi-
daily components wil approximate corresponding changes in the
range of the tide, while in those involving daily components the varia-
tion in the current is about half that in the tide. ence the diurnal
inequality in the current at any place is generally less than in the
tide at that place.
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RELATION OF TIME OF CURRENT TO TIME OF TIDE

In simple wave motion the times of slack and strength of current
bear a constant and simple relation to the times of high and low
waters. In a Yrogressive wave the time of slack water comes, theo-
retically, exactly midway between high and low water and the time
of strength at high and low water; in a stationary wave slack comes at
the times of high and low water, while the strength of current comes
midway between high and low water.

o 6" 12" 18" o" & 12" 18" 24"
wors 1011 TETT T
2
] Mobile Bay
0
May 2nd May 3rd
2
2 -

0 \//\ ™\

J Puget Sound
a—
Morch 29 th March 301h
3

FiGURE 3.~—~Current curves of daily and mixed types of reversing currents.

The progressive-wave movement and the stationary-wave move-
ment are the two principal types of tidal movements. A progressive
wave is one whose crest advances, so that in any body of water that
sustains this type of tidal movement the times of high and low water
progress from one end to the other. A stationary wave is one that
oscillates about an axis, high water occurring over the whole area on
one side of this axis at the same instant that low water occurs over
the whole area on the other side of the axis.

The tidal movements of coastal waters are rarely of simple wave
form; nevertheless, it is very convenient in the study of currents to
refer the times of current to the times of tide. And where the diurnal
inequality in the tide is small, as is the case on the Atlantic coast, the
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relation between the time of current and the time of tide is very
nearly constant. This is brought out in figure 4, which represents
the tide and current curves in the Narrows, New York Harbor, for
August 8-9, 1922, the current curve being the dashed-line curve, rep-
resenting the velocities of the current in the center of the channel,
and the tide curve being the full-line curve, representing the rise and
fall of the tide at Fort Hamilton, on the eastern shore of the Narrows.

The diagrams of figure 4 were drawn by plotting the heights of

the tide and the velocities of the current to the same time scale and
to such velocity and height scales as will make the maximum ordi-
nates of the two curves approximately equal. The time axis or axis of
X represents the line of zero velocity for the currents and of mean
sea level for the tide, the velocity of the current being plotted in
accordance with the scale of knots on the right, while the height of
the tide reckoned from mean sea level was plotted in accordance with
the scale in feet on the left.
. From figure 4 it is seen that the corresponding features of the
tide and current at this station bear a nearly constant time relation
to each other. This approximate constancy in time relations between
current and tide is characteristic of tidal waters in which the diurnal
inequality is small, and permits the times of slack and of strength of
the current to be referred to the times of high and low water. Thus,
from figure 4 we find that the strengths of the current come about
an hour hefore the times of high and low water, while the slacks come
about 1% hours after high water and 3 hours after low water. In this
connection, however, it is to be noted that the time relations between
corresponding phases of tide and current at any place frequently
vary in consequence of disturbing effects of wind, weather, and fresh-
water run-off.

Quite apart from the disturbing effects of nontidal agencies, the
time relations between current and tide are subject to variations in
regions where the tide exhibits considerable diurnal inequality; as
for example, on the Pacific coast of the United States. This variation
is due to the fact, previously mentioned, that the diurnal inequality
in the current at any given place is, in general, only about half as
great as that in the tide. This brings about differences in the corre-
sponding features of tide and current as between morning and after-
noon. However, in such cases it is frequently possible to refer the
current at a given place to the tide at some other place with com-
parable diurnal inequality.

DISTANCE TRAVELED DURING A TIDAL CYCLE

The vertical distance traveled by a floating object during the
tidal cycle at any place can be easily determined from the tide curve
at that place. For the tide curve represents the successive heights
of the surface of the water during the tidal cycle. Hence the vertical
distance on the tid& curve between a high water and low water gives
the vertical distance through which a floating object moved during
that tidal cycle.

The close resemblance between the curve of the reversing current
and the tide curve might lead one to conclude that from the current
curve the horizontal distance traveled by a floating object can be as
readily derived as the vertical distance 1s from the tide curve. The
current curve, however, gives the successive speeds of the horizontal
movement, and not the successive positions of a floating object.
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Hence the current curve does not give directly the horizontal distance
traveled by a floating object.

If the velocity of the current during a tidal cycle were constant, the
horizontal distance traveled by the water particles or by any object
floating in the water would be given by multiplying the velocity by
the period of duration. The velocity of the current, however, is not
constant but changes continually throughout a tidal cycle. The
distance traveled by the water particles is therefore the average
velocity during the flood or ebb period in question, multiplied by the
duration.

The average velocity of the current during any given interval may
be determined in several different ways. By measuring the velocity

o" 6" 12" 18" 0" 6" 12" 18" 24"
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FiGURE 4.—Tide and current curves, the Narrows, New York Harbor, August 8-9, 1922,

on the current curve at frequent intervals, say every 10 or 15 minutes,
the average velocity during the interval is easily derived. Or the
area of the surface bounded by the current curve and the zero line of
velocities may be determined by means of a planimeter and the
average velocity derived by dividing this area by the length of the
zero line included within the current curve.

The simplest method, however, consists in making use of the fact
that the current curve approximates the cosine curve. And on the
cosine curve it is known that the ratio of the mean ordinate to the
maximum ordinate is 2—+, or 0.637. Since the strength of the tidal
current corresponds to the maximum ordinate, it follows that during
any given flood or ebb period the average velocity will be the strength
of the current multiplied by 0.637.

In the semidaily or mixed types of current the duration of a flood
or ebb period approximates 6.2 hours. IHence, in the case of such a
current which has a velocity at strength of one knot, a floating object
will, during a flood or ebb period, be carried a distance of 0.637 X 6.2=
3.95 nautical miles, or 24,000 feet. In a daily current of the same
strength the distance will be twice as great.
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It may be noted that the formula made use of in the preceding cal-
culation can give only approximate results. For not only is the
average current derived through the cosine relationship approximate,
but what may be even more serious is the fact that in the formula
it is assumed that the floating object during the various stages of its
journey will experience the changes in velocity which occur at the
point where it started. Where more exact results are desired, correc-
tions to the above approximate results can be applied.

If the durations of flood and ebb are equal, and also the strengths of
the flood and ebb currents, a floating object would be carried a given
distance downstream and a like distance upstream. The presence of
fresh water in tidal waterways, however, makes both the strength and
duration of the ebb greater than the flood, and therefore floating
objects tend to be carried out to sea.

DURATION OF SLACK

In the change of direction of flow from flood to ebb, and vice versa,
the reversing tidal current goes through a period of slack water or
zero velocity. Obviously, this period of slack is but momentary, and
graphically it is represented by the instant when the current curve
cuts the zero line of velocities. For a brief period each side of slack
water, however, the current is very weak, and in ordinary usage
“slack water”” denotes not only the instant of zero velocity but also
the period of weak current. The question is therefore frequently
raised, How long does slack water last?

To give slack water in its ordinary usage a definite meaning, we
may define it to be the period during which the velocity of the current
is less than one-tenth of a knot. Velocities less than one-tenth of
a knot may generally be disregarded for practical purposes, and such
velocities are, moreover, difficult to measure either with float or with
current meter. For any given current it is now a simple matter to
determine the duration of slack water, the current curve furnishing a
ready means for this determination.

In general, regarding the current curve as approximately a sine or
cosine curve, the duration of slack water is a function of the strength
of current—the stronger the current the less the duration of slack—
and from the equation of the sine curve we may easily compute the
duration of slagk water for currents of various strengths. For the
normal flood or ebb cycle of 6" 12.6™ we may write the equation of
the current curve y=A sin 0.4831¢, in which A is the velocity of the
current in knots at time of strength, 0.4831 the angular velocity in
degrees per minute, and ¢ is the time in minutes from the instant of
zero velocity. Setting y=0.1 and solving for ¢ (this value of ¢ giving
half the duration of slack) we get for the duration of slack the follow-
ing values: For a current with a strength of 1 knot, slack water is 24
minutes; for currents of 2 knots strength, 12 minutes; 3 knots, 8
minutes; 4 knots, 6 minutes; 5 knots, 5 minutes; 6 knots, 4 minutes;
8 knots, 3 minutes; 10 knots, 2% minutes. For the daily type of cur-
rent with a given strength, the duration of slack is obviously twice
that of a semidaily current with like strength.

VELOCITY OF CURRENT AND PROGRESSION OF TIDE

In the tidal movement of the water it is necessary to distinguish
clearly between the velocity of the current and the progression or
rate of advance of the tide. In the former case reference is made to
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the actual speed of a moving particle, while in the latter case the
reference is to the rate of advance of the tide phase or the velocity
of propagation of wave motion, which generally 1s many times greater
than the velocity of the current.

It is to be noted that there is no necessary relationship between
the velocity of the tidal current at any place and the rate of advance
of the tide at that place. In other words, if the rate of advance of
the tide is known we cannot from that alone infer the velocity of
the current, nor vice versa. The rate of advance of the tide in any
given body of water depends on the type of tidal movement. In a
progressive wave the tide moves approximately in accordance with
the formula r=+/gh, in which r is the rate of advance of the tide, g
the acceleration of gravity, and A the depth of the waterway. In
stationary-wave movement, since high or low water occurs at very
nearly the same time over a considerable area, the rate of advance 1s
theoretically very great; but actually there is always some progression
present, and this reduces the theoretical velocity considerably.

The velocity of the current, or the actual speed with which the
particles of water are moving past any fixed point, depends on the
volume of water that must pass the given point and the cross section
of the channel at that point. The velocity of the current is thus
independent of the rate of advance of the tide.

ROTARY TIDAL CURRENTS

Within the channel of a bay or river, the current is compelled to
follow the direction of the channel, upstream on the flood and down-
stream on the ebb. Out in the open sea, however, this restriction
no longer exists, the current having complete freedom so far as direc-
tion is concerned. Offshore, therefore, tidal currents are generally
not of the reversing type. Instead of flowing in the same general
direction during the entire period of the flood and in the opposite
direction during the ebb, the tidal currents offshore change direction
continually. Such currents are therefore called rotary currents. An
example of this type of current is shown in figure 5, which represents
the velocity and direction of the current at the beginning of each
hour of the forenoon of July 30, 1922, at Nantucket Shoals Lightship,
stationed off the coast of Massachusetts.

The current is seen to have changed its direction at each hourly
observation, the rotation being in the direction of movement of the
hands of a clock, or from north to south by way of east, then to north
again by way of west. In a period of a little more than 12 hours it is
seen that the current has shifted in direction completely round the
compass.

It will be noted that the tips of the arrows, representing the veloc-
ities and directions of the current at the beginning of each hour.
define a somewhat irregular ellipse. If a number of observations are
averaged, eliminating accidental errors and temporary meteorological
disturbances, the regularity of the curve is considerably increased.
The average period of the cycle is, from a considerable number of
observations, found to be 12" 25@, In other words, the current day
for the rotary current, like the tidal day, is 24® 50™ in length.

A characteristic feature of the rotary current is the absence of
slack water. Although the current generally varies from hour to
hour, this variation from greatest current to least current and back



10 U. 8. COAST AND GEODETIC SURVEY

again to greatest current does not give rise to a period of slack water.
When the velocity of the rotary tidal current is least, it is known
as the minimum current, and when it is greatest it is known as the
maximum current. The minimum and maximum velocities of the
rotary current are thus related to each other in the same way as slack
and strength of the rectilinear current, & minimum velocity following
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F1aure 5.—Rotary current, Nantucket Shoals Lightshib, forenoon of July 30, 1922.

a maximum velocity by an interval of about 3 hours and being fol-
i;)wed in turn by another maximum after a further interval of 3

ours

Since the current day corresponds to the tidal day, it is convenient,
in determining the average hourly velocity and direction of the rotary
current, to make use of the times of high and low water at some
nearby place for purpose of reference. In figure 6 the average
hourly velocity and direction of the tidal current at Nantucket
Shoals Lightship is shown with reference to the times of high and low
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water at Boston, Mass., H standing for the time of high water, and
L for the time of low water.

In figure 6 the velocity and direction of the current at the begin-
ning of each hour is given by the length and direction of the line from
the center of the ellipse to the hour in question. Thus at the time of
high water at Boston the current at Nantucket Shoals Lightship has
a velocity averaging 0.7 knot, setting N. 85° E.
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F1aure 6.~—Mean current curve, Nantucket Shoals Lightship.

With regard to the current curve, or current ellipse as it may be
called, which represents the rotary tidal current at any place, the basic
features are the relation of the major and minor axes which determine
the ellipticity of the curve, the direction of rotation, and the direction
of the major axis. If the major and minor axes are nearly equal the
ellipse will be nearly circular; if they differ greatly the ellipse will be
flattened. In the northern hemisphere the direction of rotation of

74365—36——2
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the rotary current is, as a rule, with the hands of a clock, while in
the southern hemisphere it is counter clockwise. But local hydro-
graphic features may bring about a reversal of this general rule.

Rotary tidal currents are subject to the periodic variations found
in tides and reversing currents, These variations are related to the
changes in the phase, parallax, and declination of the moon. At
times of full and new moon the velocity of the rotary current is
greater than the average, while at the times of the moon’s first and
third quarters the velocities are less than the average. Likewise
when the moon is in perigee, stronger currents occur, while when the
moon is In apogee the currents are weaker. In general it may be
taken that the percentage of increase or decrease in the velocity of
the current in response to changes in phase and parallax is the same
as the like increase or decrease in the local range of the tide.

In response to changes in the declination of the moon the rotary
current exhibits diurnal inequality like the tide and reversing eurrent.
This manifests itself as a difference between morning and afternoon
current ellipses. When the moon is on the equator the two current
ellipses of a day are much alike; but when the moon is near its max-
imum semimonthly declination the two current ellipses exhibit
differences, principally in velocity.

Like tides and reversing currents, rotary tidal currents may be
grouped under the three types of semidaily, daily, and mixed. The
semidaily type of rotary current is one which exhibits two full cycles
within a tidal day, morning and afternoon currents differing but
little. The daily type is one in which but one cycle occurs in a day;
and the mixed type is one which exhibits two cycles within a day,
but with considerable differences between morning and afternoon
currents,

EFFECTS OF NONTIDAL CURRENTS ON ROTARY CURRENTS

In addition to the periodic variations to which rotary tidal currents
are subject, they also exhibit fluctuations arising from the effects of
nontidal currents. These effects can most conveniently be studied
diagrammatically.

Figure 6 represents the purely rotary tidal current at Nantucket
Shoals Lightship. Now suppose that on a given day a wind begins
blowing from the northeast such that it produces a wind-driven cur-
rent of half a knot in a southwesterly direction. For that day,
obviously, the velocity and direction of the current at Nantucket
Shoals Lightship will be different than represented in figure 6. At
2 hours before low water at Boston, for example, the tidal current
sets southwesterly with a velocity of 0.85 knot on the average; but
with a nontidal current due to the wind of 0.5 knot setting in the
same direction, the velocity of the current now experienced will
be 0.85+0.50=1.35 knots, setting southwesterly. On the other
hand, about 2 hours before high water, the current will be setting
0.85 —0.50=0.35 knot northeasterly.

The current conditions at this time may be completely represented
by changing the origin of the hourly velocity and direction lines in
figure 6 from the center to a point 0.5 knot northeasterly of its pre-
vious position. The lines drawn to the various hourly points on the
ellipse from this new origin will now represent the velocity and
direction of the tidal current as affected by the nontidal current.
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The average velocity of the tidal current at the times of flood or
ebb strength at Nantucket Shoals Lightship is 0.85 knot. If the
nontidal current due to the wind in the case just considered is greater
than 0.85 knot, the origin of the velocity lines would lie outside the
ellipse., In that case the current would throughout the day be setting
either southeasterly or southwesterly, completely masking the rotary
character of the tid‘:ﬂ current. By plotting the ogserved hourly veloc-
ities and directions of the current, however, the tidal current would
appear in its rotary character., This is illustrated in figure 7 for the
current at ¥rying Pan Shoal Lightship under different wind conditions,
This lightship is stationed off the coast of North Carolina about 20
miles southeasterly from Cape Fear. The hourly velocity and direc-
tion of the current here is referred to the times of high and low water
at Charleston, S, C.

July 14-20, 1920 North Jan 29 - Feb 2, 1920

00 a2 Ok 06 o8 0

¥1oURE 7.—Effect of nontidal current on rotary tidal current, Frying Pan Shoals Lightship.

Observations made at this lightship show the tidal current here to
be rotary clockwise, the average velocity at strengths of flood and ebb
being about a third of a knot and setting northwest and southeast,
respectively. During the 5-day period January 29-February 2, 1920
the wind was blowing steadily from the northeast with a velocity of
about 30 miles per hour, and the current was observed to be setting
at all times southwesterly with a velocity varying from a little less
than one half a knot to a little more than three-quarters of a knot.
Apparently the current here at this time was altogether nontidal.
But if the hourly velocity and direction of the current during this
period is plotted, the rotary character of the current is immediately
apparent. The right-hand diagram of figure 7 represents the current
conditions during this 5-day period, the velocity and direction of the
current at the different hours being given by the length and direction
of the lines drawn from the point P,

Now, although the current at all times during this period set south-
westerly, the diagram reveals clearly the existence of a rotary current
with a strength of about a third of a knot in a northwest and southeast
direction. Furthermore, the diagram shows that the current actually
observed consisted of a tidal current which was masked by a nontidal
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current of greater velocity. In fact the diagram permits the evalua-
tion of this nontidal current. For this must clearly be given by the
line joining the point P with the center of the current ellipse, and this
is found to have a length of about half a knot and a direction of S.
60° W. This nontidal current was brought about by the northeasterly
wind during the 5-day period in question.

About 6 months later, throughout the 7-day period July 14-20,
1920, the current at Frying Pan Shoals Lightship was found to set
easterly with velocities ranging from a little less than half a knot to
more than a knot. On plotting the observations, as the left-hand dia-
gram of figure 7 shows, the rotary character of the tidal current comes
to light at once. During this 7-day period the wind was blowing stead-
ily from the southwest with a velocity averaging approximately 30
miles per hour. This brought about a wind-driven current setting a
little north of east with a velocity somewhat greater than half a knot,
and this completely masked the tidal current.

HARMONIC CONSTANTS

The reversing tidal current, like the tide, may be regarded as the
resultant of a number of simple harmonic movements, each of the
form y=A cos (at-+a); hence, reversing tidal currents may be analyzed
in a manner analogous to that used in tides and the harmonic current
constants derived. These constants permit the characteristics of the
currents to be determined in the same manner as the tidal harmonic
constants, and they may also be used in the prediction of the times
of slack and the times and velocities of the strength of current.

It can easily be shown that in inland tidal waters, like rivers and
bays, the amplitudes of the various current components are related
to each other, not as the amplitudes of the corresponding tidal com-
ponents, but as these latter multiplied by their respective speeds;
that is, in any given harbor, if we denote the various components of
the current by primes and of the tide by double primes, we have

M’z: S'z: N’z: K’ll 0’,:=m2M"2: SzS”gf ’ngNHQ: le”li 010”1

where the small italic letters represent, respectively, the angular
speed of the corresponding components. This shows at once that
the diurnal inequality in the currents should be approximately half
that in the tide.

Rotary currents may likewise be analyzed harmonically, but in
this case it is necessary to resolve the hourly velocity and direction
of the current into two components, one in the north-and-south direc-
tion and the other in the east-and-west direction. Kach set of hourly
tabulations is then treated independently and analyzed in the usual
manner. When the two sets of harmonic constants have been derived
the like-named constants of the north-and-south and east-and-west
directions may be combined into a single resultant, which will be an
ellipse, either graphically or by means of the formula

I1? sin 2k, 4112 sin 2«
I1? cos 2x,-H11,? cos 2«
which may be derived by writing each harmonic constant in the

form u=FH, cos (#—x;) for the north-and-south component and
v=II, cos (§—«,) for the east-and-west component.

tan 20=
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MEAN VALUES

In the nonharmonic analysis of current observations it is customary
to refer the times of slack and strength of current to the times of high
and low water of the tide at some suitable place, generally nearby.
In this method of analysis the time of current determined is in effect
reduced to approximate mean value, since the changes in the tidal
current from day to day may be taken to approximate the correspond-
ing changes in the tide; but the velocity of the current as determined
from a short series of observations must be reduced to a mean value.

In the ordinary tidal movement of the progressive or stationary
wave types the change in the strength of the current from day to day
may be taken approximately the same as the variation in the range
of the tide. Hence, the velocity of the current from & short series of
observations may be corrected to a mean value by multiplying by a
factor which is the ratio of the mean range of the tide to the range
for the period of the observations.

It is to be noted that in this method of reducing to a mean value,
any nontidal currents must first be eliminated, and the factor applied
to the tidal current alone. This may be done by taking the strengths
of the tidal current as the half sum of the flood and ebb strengths for
the period in question,

In some places the current, while exhibiting the characteristic
features of the tidal current, is in reality a hydraulic current due to
differences in head at the ends of a strait connecting two independent
tidal bodies of water. KEast River and Harlem River in New York
Harbor and Seymour Narrows in British Columbia are examples of
such straits, and the currents sweeping through these waterways are
not tidal currents in the true sense, but hydraulic currents. The
velocities of such currents vary as the square root of the head, and
hence in reducing the velocities of such currents to a mean value the
factor to be used is the square root of the factor used for ordinary
tidal currents.



Part I-NARRAGANSETT BAY
INTRODUCTION

For the purpose of this publication Narragansett Bay is assumed
to include the intercommunicating system of waterways that dis-
charges into the sea through the navigable entrances between Point
Judith and Sakonnet Point in the State of Rhode Island. Conanicut
Island and Rhode Island separate the southern portion of this water
area into three passages known as Western Passage, Eastern Passage,
and Sakonnet River,

A number of smaller islands are distributed over the bay, and many
small bays and river entrances indent its shores. Of the tributary
streams the two most important are Providence River and Taunton
River which flow into the northern and eastern parts of the bay,
respectively. The various passages serve as highways for water-
borne traflic to and from the numerous cities and towns situated on
the bay. Of major importance are the ports of Newport, about
3 miles inside the entrance to Eastern Passage; Providence, at the
head of Providence River about 27 miles from the ocean; and Fall
River, at the mouth of Taunton River about 18 miles from Newport.

Vessels of 18-foot draft can dock at Newport, and dredged channels
having least depths of 30 feet at mean low water lead to Providence
and Fall River. Seekonk River, a continuation of Providence River,
is navigable to Pawtucket 4% miles above its mouth for vessels drawing
14 feet. Taunton River has a least depth of 5 feet at mean low water
to the head of navigation at Taunton which is 12% miles above
Fall River.

The tidal movement in Narragansett Bay with its vertical and
horizontal constituents—tide and current, respectively—is a con-
tinuation of the tide wave of the Atlantic Ocean which sweeps into
the three entrances between Sakonnet Point and Point Judith and
continues up the bay and into each of its tributaries until stopped by
rapids or other obstructions. As is usual when oceanic tidal move-
ments enter inland waterways, the nature of the movement is modified
by the hydrographic features encountered, and in this area the local
features are such that the current movement in particular is subjected
to considerable distortion. A study of the observational data to be
presented will lead to some conclusions relative to the nature of this
distortion.

OBSERVATIONS

Current observations in Narragansett Bay and its immediate ap-
proaches, as recorded in the files of the Coast and Geodetic Survey,
began in the year 1844, when two current stations were occupied just
outside the entrance to the bay by G. S. Blake, who was conducting a
hydrographic survey in that area. Thirty years later, in 1874, H. L.
Marindin secured brief series of current observations at a number of
stations in Providence Harbor in connection with a physical survey
of that waterway. He also observed the times of 58 slack waters in

16
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the Seekonk River, off India Point. In 1889, J. E. Pillsbury, while
surveying a speed course, observed currents at four stations in the
Eastern Passage of Narragansett Bay.

Through a cooperative arrangement between the Bureau of Light-
houses and the Coast and Geodetic Survey, continuous hourly obser-
vations of the direction and velocity of the current at Brenton Reef
Lightship in the approach to Eastern Passage have been obtained for
the following periods and dates: 3 months in 1913, 4 months in 1919,
and 12 months in 1930 and 1931. :

In recent years comprehensive current surveys of a number of the
important waterways of the United States have been made, and the
field work of such a survey of Narragansett Bay was executed by J. C.
Sammons in 1930. One hundred and twenty current stations in the
bay and connecting waterways were occupied, each for a period of 1 or
more days. At each station, currents were observed at the surface
and at several subsurface depths.

In 1931, G. E. Boothe, supplementing the work of the preceding
year, obtained 2% days of current observations at each of four current
stations—two in the Seekonk River and two in the Sakonnet River.

METHODS OF OBSERVING

In general, the process of observing currents consists of measuring
usually at fixed intervals of time such as hourly or half-hourly, the
velocity of the current; noting the direction the current is flowing at
each measurement of velocity; and recording the direction, the velocity
and the time at which each measurement is made. Various means of
taking such observations have been employed. The two devices
most used in recent years by this Bureau and which were employed in
1930 and 1931 in tﬂe Narragansett Bay work, are the current pole
and the Price current meter.

The current pole is a wooden pole so weighted with lead that it will
submerge for most of its length and assume a vertical position when
placed 1n the water. The pole is attached to a line and allowed to
drift with the current Whﬁe an observation is being made. The
line, known as a current line, is marked in principal and secondary
divisions, each secondary division being one-tenth of a principal
division. The length of each principal division bears the same ratio
to & nautical mile that the time the pole is allowed to drift bears to an
hour. By this means the velocity in knots (nautical miles per hour)
and tenths is read directly from the current line. The direction
toward which the pole drifts is observed usually by compass and
pelorus on the vessel, and when practicable is verified by sextant
angles between the pole and fixed objects on shore. The velocity
obtained by this method is considered the velocity at & depth equal
to one-half the length of the submerged portion of the pole. The
standard current pole now in use is 15 feet long and is so weighted as
to float with 1 foot above the water surface. Shorter poles are some-
times used when the water is very shallow. The 15-foot pole was used
for all the observations secured on the Brenton Reef Lightship,

The observations made by Blake, Marindin, and Pillsbury appear
to have been taken by a method similar to the present current-pole
method. In place of the pole, Marindin used two cans connected by
a wire, one can being submerged and the other allowed to float on the
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surface. The submerged can was set at any desired depth by chang-
ing the length of the connecting wire. A somewhat similar arrange-
ment was probably used by Blake, for his records mention a “surface
log” and an “under log.” The details of Pillsbury’s apparatus are
not definitely known but it appears likely that it was similar to that
used by Marindin.

The Price current meter is used for taking subsurface observations
of velocity only. The working parts of this meter consist of a set of
conical metal cups arranged on the periphery of a wheel which is
mounted on a vertical shaft. The upper end of this shaft actuates a
mechanism which makes and breaks an electric circuit, producing
clicks in a telephone receiver connected in the circuit. When the
meter is lowered into the water, the current striking the metal cups
causes the wheel to rotate, the speed of rotation and consequently
the frequency of the clicks in the telephone receiver depending upon
the velocity of the current. To obtain the velocity of the current,
therefore, it is only necessary to count the clicks in the receiver for a
specified length of time and from a previously prepared rating table
take the velocity corresponding to the observed number of clicks.
Since the Price current meter does not give the direction of the cur-
rent, it is generally used by this Bureau in conjunction with the cur-
rent pole, the general direction of the subsurface current being in-
ferred from the pole observations.

METHODS OF REDUCING THE OBSERVATIONS

Under this heading are outlined briefly several methods of current
reduction, together with mention of the various series of current
observations in Narragansett Bay to which each method was applied.

The method described below, used in reducing the 1913 and the
1919 series of observations at Brenton Reef Lightship, is typical of
the procedure usually followed in reducing current observations for
localities where the tidal current is of the reversing type.

The records of the field party were first carefully verified to see
that the observed directions had been accurately reduced to true
azimuths by applying to the pelorus reading the proper corrections
for the ship’s head, the deviation of the ship’s compass and the mag-
netic variation. The observed velocities were next plotted on cross-
section paper, the times of observations being taken as abscissae and
the velocities plotted as ordinates, the flood velocities above and the
ebb velocities below the horizontal line representing zero velocity.
Smooth curves were drawn following the general trend of the plotted
velocities and from these curves the times of slack waters and the
times and velocities of the strengths of flood and ebb were taken.
These times and velocities, together with the true direction of each
strength of flood and ebb were tabulated on forms prepared for the
purpose. The times of slack water and of strength of current were
then compared with the times of high and low water at Newport
and average time differences computed for each of the four phases of
current—namely, slack before flood, strength of flood, slack before
ebb, and strength of ebb. Average true directions of flood and ebb
were obtained for each series of observations and the average veloci-
ties of flood strength and ebb strength were computed.

Prior to 1930, current information for Narragansett Bay proper
was very meager and the extent of the irregularity existing in the
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current movement there was not known. When the work of reduc-
ing the records from the 1930 survey began, an attempt was made to
follow the general scheme of reduction outlined above. As the work
progressed, however, it became increasingly apparent that the smooth-
ing of the velocity curves into the usual flood and ebb portions, with
definite times of strength and slack, could not be accomplished with-
out doing violence to the observational values. The current at
many stations would not fit the conventional form and, consequently,
it became necessary to devise special methods of reducing the ob-
servations and presenting the results. The most noticeable irregu-
larity in the current as graphically represented appeared in the form
of a depression in the approximate center of the flood portion of the
current curve when plotted as described above, This depression
frequently reached the line of zero velocity or extended below it, in
the latter case producing the anomaly of an ebb current and two
extra slack waters near the time when the strength of the flood current
would be expected to occur.

A tabulation of the average velocities and directions of the current
for each hour, or half hour, of the tidal cycle appeared to be a satis-
factory means of showing the true nature of the current movement
as observed at the various stations. To accomplish this purpose, the
half-hourly observations of velocity and direction were tabulated in
25 groups, one group for each half hour {rom zero to 12 hours after
the time of high water at Newport. Each observed value was as-
signed to the group to which it most nearly corresponded in time. A
separate tabulation was made for each depth observed at each station.

For each half-hourly group an average velocity and an average
direction were computed for the surface current as observed by pole,
and an average velocity was obtained for each meter depth. To
reduce the velocities thus obtained to approximate mean values
there was applied to each a factor representing the ratio of the mean
range of the tide at Newport to the range at Newport for the period
covered by the current observations. In addition, the nontidal cur-
rent near the surface for each series of observations was obtained by
averaging algebraically the 25 half-hourly averages of velocity ob-
tained from the pole observations, considering the flood as positive
and the ebb as negative. The observations of Blake, Marindin, and
Pillsbury, as well as the recent observations by Sammons and Boothe,
were reduced by the half-hourly method.

The times of 58 slack waters observed by Marindin in the Seekonk
River, off India Point, were referred directly to the times of high water
at Newport and average time differences obtained for the slacks be-
fore flood and the slacks before ebb.

The 1930-31 series of hourly observations taken at Brenton Reef
Lightship was reduced by the following method. The individual
observed velocities were first resolved into their north and east com-
ponents. The north and east components were each tabulated in 13
groups, one group for each hour from 0 to 12 hours after high water at
Newport. The average velocity and direction for each hour were
obtained from this tabulation. From a plotting of the average hourly
values on cross-section paper, the times of slack and strength and
the velocities of flood and ebb strengths were obtained. The direc-
tion and velocity of the nontidal current for the series were deter-
mined by averaging the resolved hourly velocities for all times of the
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tide, a process which eliminates the tidal current since the mean value
of the resolved tidal current is zero.

When series of current observations cover a number of months,
the more important velocity variations average out in the reductions
and the direct averages of velocity are usually taken as mean values.
The two series at Brenton Reef Lightship were treated in this way,
no correction being applied to the observed velocities.

The process of harmonic analysis used for the reduction of the
hourly heights of the tide is also applicable to the reduction of the
hourly velocities of the current. An 87-day series of observations
at Brenton Reef Lightship was analyzed harmonically, the north and
east components of the observed velocities being tabulated and ana-
lyzed separately. Special harmonic analyses for a number of stations
were made for the purpose of developing the harmonics of the princi-
pal tidal constituent M, in connection with the study of the peculiar
current conditions observed in the bay. These are discussed on page
24. For a detailed explanation of the application of the harmonic
analysis to the reduction of tides and tidal currents, reference is made
to United States Coast and Geodetic Survey Special Publication No.
98, A Manual of the Harmonic Analysis and Prediction of Tides.

PRESENTATION OF THE RESULTS
DESIGNATION AND LOCATION OF STATIONS

Each current station in Narragansett Bay has been given a designa-
tion which consists generally of two parts; first, a letter or letters
signifying the party or the chief of the party that occupied the station,
and, second, a number or letter which is wherever possible the designa-
tion originally assigned to the station. The letters forming the first
part of the designation and the party signified in each case are as
follows:

B=G. S. Blake, 1844. S
M=H. L. Marindin, 1874. Bo
P=]. E. Pillsbury, 1889.

LS=Crew of Brenton Reef Light-

ship, 1913, 1919, 1930-31.

The locations of the stations occupied are indicated in figures 8 and
9 by red circles together with the corresponding station designations.
The stations in Providence Harbor are included in figure 9, all other
stations being represented in figure 8.

=J. C. Sammons, 1930.
=G. E. Boothe, 1931.

EXPLANATION OF THE TABULAR DATA

For reasons stated in the description of the methods of reduction,
the usual plan of tabulating the results of current observations by
giving the times of slacks and strengths of the current, together with
the mean velocities of the strengths and the directions of flood and
ebb, was not thought desirable for most of the stations in the Narra-
gansett Bay area. That the tabular data might show as nearly as
practicable the true nature of the current movement as observed at
the various stations, it was decided to tabulate the velocities and di-
rections, obtained as described on page 19, for each hour from zero
to 12 hours after high water at Newport. By this method of presen-
tation, data are given for 13 points in the tidal cycle instead of the
usual 4 points, thus displaying the true nature of the current move-
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ment and avoiding the necessity for forcing the irregularly shaped
gurrent curves characteristic of this area into the prescribed cosine
orm.

In table 1 the hourly velocities and directions derived from the
observations at each station are given. The observations of each
party are placed in a separate group, and the groups are arranged in
chronological order, each under a subhead which indicates the ob-
serving party and the year the observations were taken. The desig-
nation of each station, a brief descriptive statement of its location,
its latitude and longitude to the nearest tenth of a minute, and the
month and day of the beginning and of the end of the series of ob-
servations are given. The total period in days covered by the ob-
servations, the methods used and the depths at which observations
were made are also given. The depth tabulated for the observations
taken by pole is in each case one-half the length of the submerged
portion of the pole. The true directions are reckoned from true north
(0°), through ecast (90°), south (180°), and west (270°). In most
cases directions were observed only by pole, and consequently no di-
rections are given for the meter depths. The velocities are expressed
in knots (nautical miles per hour), and decimals. The average ve-
locities and general directions of the nontidal currents for the various
series of observations, shown in the last column of the table, apply to
the surface currents as observed by pole.

Table 2 contains the times of slack water and the times, directions,
and velocities of the strengths of flood and ebb, derived from the three
series of observations at Brenton Reef Lightship as explained on

ages 19 and 20. Average times of slack before flood and slack

efore ebb obtained from the slack water observations at station M
“A”, off India Point, in the Seekonk River are included in this table.
The average velocities of the flood and ebb strengths at station P 4
in Eastern Passage are also included. It appears that these velocities
constitute the only information recorded for this station. The time
relations in table 2 are expressed in hours and decimals. The direc-
tions are true and the velocities are in knots.

Harmonic constants from 87 days of current observations at
Brenton Reef Lightship are given in table 3. Constants for the
north and east components were derived separately as explained on

age 20.
bag TYPICAL OBSERVED CURRENT CURVES

In figures 10 to 13, inclusive, are shown curves plotted from current
observations at a number of stations in various parts of Narragansett
Bay. These curves serve as a rough index to the general character
of the current movement and the extent of the irregularity in various
parts of the area. They indicate that the effect of the disturbing
influences that tend to distort the current curve from the cosine form
is relatively small near the entrance to the Eastern and Western
Passages and that it reaches a maximum at the bridges in the Sakon-
net River. It will be noted that the two stations in Western Passage
(fig. 10) were observed simultaneously as were also the two in
Eastern Passage (fig. 11). The four curves shown in figure 13 were
plotted from observations made simultaneously at the four stations,
two in the Seekonk River and two in the Sakonnet River. The
various curves show that the irregularity differs not only from place
to place but also for different tidal cycles at the same place.
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N‘ATURE OF THE OBSERVED IRREGULARITY

A preliminary examination of the results of current observations
in Narragansett Bay led to the belief that the peculiarity existing in
that area is due to the effects of certain tidal constituents which as
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o

a result of local conditions are amplified or increased considerably
beyond their usual magnitudes. The constituents suspected were
the harmonics of the principal semidiurnal lunar component M,.
Evidence pointed to the M, and M, constituents which have periods
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one-half and one-third, respectively, of the 12.42-hour period of M.
The nature of this evidence is briefly outlined below.

It is a recognized fact that bodies of water such as lakes and bays
have natural periods of oscillation, depending upon their dimensions
and shapes, and that impulses impressed upon them having approxi-
mately these same periods build up large oscillations in accordance
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with the well-known principle of resonance. Each such oscillation
has a vertical or tide constituent and a horizontal or current constit-
uent, .

_ The determination of the exact natural period of oscillation of an
irregularly formed body of water such as Narragansett Bay is a very
complicated problem but a rough approximation to the period may
be obtained mathematically when the dimensions are known by
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means of the following relation, which applies to a long rectangular
bay of uniform depth:

. 4 L
Period=—"=
Vgh
Where L is the length of the bay, g the acceleration of gravity, and
h the average depth of water in the bay.

The length of Narragansett Bay is roughly 24 nautical miles, or
145,920 feet. The approximate average depth at half tide level, as
determined by averaging soundings in selected rectangular areas
drawn on a chart of the bay, is 25 feet. Taking the acceleration of
gravity as 32.2 feet per second and substituting in the above formula,
we have:

4% 145,920
+/32.2X25

This roughly obtained value falls between the M, period of 6.21
hours and the M, period of 4.14 hours. It might be expected, there-
fore, that waves of both these periods, which exist in the oceanic
tide sweeping into the bay, and each of which approximates in period
the natural period of the bay, would build up relatively large oscilla-
tions.

In order to determine the magnitudes of the principal lunar con-
stituents at a number of selected stations in different parts of Narra-
gansett Bay, the mean half hourly velocities as determined from the
observations at these stations were reduced by harmonic analysis.
The process used was a modification of that described in Coast and
Geodetic Survey Special Publication No. 98, A Manual of the
Harmonic Analysis and Prediction of Tides. The mean half hourly
velocities as referred to the times of high water at Newport, which
had already been obtained from observations, were plotted on cross-
section paper and a curve drawn through the plotted points. That
portion of the curve representing a complete semidiurnal tidal cycle
of 12.42 hours beginning with the time of high water at Newport
was divided into 24 equal parts. The velocities at the points of
division beginning with the time of high water at Newport as the
initial point, were entered as the 24 hourly means in form 194 illus-
trated on page 150 of Special Publication No. 98. Then, doubling
all subscripts in the form to allow for the fact that the means were
actually half-hourly rather than hourly values, the epoch (¢’) and
the amplitude (R’) of each constituent were computed. The epoch
thus obtained is the interval in degrees between the time of high
water at Newport and the time of flood strength of the constituent
and may be readily converted into solar hours by taking into account
the period of the constituent. The amplitude represents the velocity
of the constituent at the strength of flood or ebb.

The results obtained from the analysis for the M,, M,, and M,
constituents for station Bo 1 are shown diagramatically in figure 14.
The velocity of the M; constituent was so small as to be of no practical
importance. The curves marked M,, M,, and M, show the velocity
and direction of the M,, M,, and M, currents, respectively, for the
tidal cycle. Below these curves is shown a curve obtained by adding
the three constituent curves and at the bottom of the figure is the
mean observed current curve from which the constituent curves were

Period———— =20,574 seconds=5.72 hours
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derived. The striking similarity between the two last-mentioned
curves, indicates clearly that the observed current movement is
definitely a combination of the three movements represented by the
three constituent curves, and that any other constituent movements
must be relatively small and unimportant. It is clear also that the
marked depression in the flood portion of the curve which is charac-
teristic of the current throughout most of the Narragansett Bay area
is due to the combination of an M, ebb and an A, ebb which occur
at this time. The general existence of this particular peculiarity
indicates that the three constituent movements have approximately
the same time relation to each other throughout the area.

The analysis described above was made for 36 stations in different
parts of Narragansett Bay and the results are given in table 4 and are
also presented graphically in figures 15 and 16. In table 4, the times
and velocities refer to the flood strengths of the respective constitu-
ents, the times being reckoned from the time of high water at Newport.
It should be noted that the time given in each case is that of the first
flood strength after Newport high water. In the case of the AM; con-
stituent, successive flood strengths occur at intervals of 4.14 hours and
for M, the interval is 6.21 hours.

Figure 15 shows the times of flood strength of each of the three
current constituents at 36 stations. The values are plotted from the
data contained in table 4, the times after high water at Newport
being taken as ordinates and the latitudes of the stations as abscissae.
The number of the station corresponding to each plotted point is
given. The lines connecting the plotted points serve to identify the
portions of the waterway represented by the points thus connected.
The plottings show that each of the three movements is approximately
simultaneous in all parts of the area and that the time relations
existing between the movements are approximately uniform in the
various passages. Much of the roughness apparent in the plotted
values doubtless results from accidental conditions or weather effects
which are always relatively important where the observational series
are short and the current velocities small. It is evident that the
M, current and to a lesser degree the A, and Ay currents occur
somewhat earlier at the Sakonnet River bridges than in other parts of
the area.

Figure 16 is similar to figure 15 except that velocities at strength
instead of times are plotted as ordinates. The figure indicates the
relative magnitudes of the three constituent velocities in the area as
a whole, in the various portions of the area, and at the individual
stations,

To bring out more clearly the nature of the current movement in
Narragansett Bay and particularly the relation of the constituent
currents to the constituent tides, a few brief statements relative to
wave movements are given below.

Two general types of tide waves are recognized, the progressive
wave and the stationary wave. A progressive wave is one that
travels or progresses from one part of a body of water to another.
Such waves may be produced by throwing a pebble into a still pond.
A stationary wave is one that oscillates about an axis, high water
occurring over the whole area on one side of the axis at the same
instant that low water occurs over the area on the other side of the
axis. A stationary wave may be set up in a rectangular tank partly
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filled with water by quickly raising and lowering one end of the tank.
The wave oscillates about an axis or nodal line in the center of the
tank, the water alternately rising and falling in each half of the tank.

In a progressive wave the strengths of current come at the times
of high or low water and the slacks halfway between the high and
low waters. In a stationary wave the slacks occur at the times of
high and low water and the strengths midway between the high and
low waters. A stationary wave oscillating in a bay open at one end
usually has its axis or nodal line near the mouth of the bay, the
movement in the bay corresponding to that in one-half of the above-
mentioned tank. The formula stated on page 24 presupposes a
movement of this sort.

That each of the three constituent movements is essentially a
stationary wave movement is evidenced by the following facts:

1. In each case the movement is very nearly simultaneous through-
out the area.

2. The amplitude of each constituent tide, as shown by tidal
harmonic constants for Newport, Bristol, and Providence, increases
from the mouth toward the head of the bay.

3. A comparison of the time relations between the M;, M,, and M,
tides and the corresponding currents as determined by analyses of the
tide and current observations shows that in each case the strengths of
the current occur approximately midway between the high and low
waters of the tide, which is the stationary wave relation.

A striking characteristic of the A, and M, movements is that
although their effect in modifying the observed current curve is great,
they are much less noticeable in the curve representing the heights of
the tide. The explanation of this condition lies in the fact that the
current velocities for a given amplitude of tide are increased in inverse
ratio to their periods. Inthe case of the tank it is apparent that if the
period of the oscillation were shortened to one-half its original value,
the amplitude remaining the same, the velocity of the accompanyving
current would be doubled; if the period were reduced to one-third,
the velocity would be multiplied by three, and so on. It follows that
for the same rise and fall of the constituent tide the A, wave will
produce a current velocity three times that produced by the M, wave
and that the distorting effect of the M; curve upon the M, curve will
be three times as great for the current as for the tide.

SUMMARIZING STATEMENTS

The current movement throughout Narragansett Bay is approxi-
mately simultaneous, the various phases of the current occurring at
about the same time in all parts of the area with the exception of the
Sakonnet River bridges. At these locations the current is from 1 to
1% hours earlier than elsewhere in the area. A brief description of
the movement in its relation to high water at Newport follows: At
the time of high water at Newport the flood current has for the most
part ceased to flow and the ebb current is about to begin. A condi-
tion approximating slack water prevails in most parts of the area.
During the next 6 hours the current flows in an ebb direction gradually
Increasing to its strength or maximum velocity for the first 3 hours
and then decreasing for 3 hours to another slack water. The flood
current then begins, increasing for an hour or two to a maximum

74365—36——3
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velocity, then decreasing to a lesser value or minimum flood velocity,
which occurs about 8 or 9 hours after Newport high water, or approxi-
mately in the middle of the flood period. A second increase in the
flood velocity then occurs and a second maximum velocity is reached
which usually, but not in all cases, is greater than the first. This
second maximum flood velocity occurs on the average about 11 hours
after Newport high water. The velocity then decreases to another
slack, completing the cycle of 12.42 hours.

The above description applies to the movement in general but
variations occur at the different stations and during different cycles
at the same station. As before stated, the various phases of the
movement occur at the Sakonnet River bridges an hour or more
before the times given above. At stations near the entrance the
condition of minimum flood frequently does not occur but a distortion
of the current curve is always present. Wind currents and weather
conditions also may exert temporarily a profound influence in modi-
fying the above outlined condition.

Tidal current velocities are subject to periodic variations corre-
sponding to variations in the range of the tide. Due to these varia-
tions, the velocity at a given time may differ by 20 percent or more
from a mean value, the velocities being greater than the mean at
times of spring tides and perigean tides and less than the mean at
times of neap tides and apogean tides. The velocities mentioned
below are approximate mean velocities.

Over the greater part of Narragansett Bay the usual maximum
flood or ebb velocity is from one-half knot to 1 knot, the first men-
tioned value applying approximately to the broad portions of the
waterways, and the last mentioned to the more constricted sections.
Velocities between 1 knot and 1% knots occur at the bridges in the
Scekonk River, a velocity of about 2 knots in the Narrows at the
mouth of the Kickamuit River, and velocities of approximately 2%
and 2% knots at the railway and highway bridges, respectively, in the
Sakonnet River. In the Sakonnet River, from the highway bridge to
its mouth, current velocities are small being generally less than
one-half knot.

The currernts at the Sakonnet River bridges are of considerable
interest because of their large velocities, together with the fact that
these velocities often change with great rapidity both in magnitude
and in direction due to the relatively large effects of the M, and M,
current constituents. Particular attention is invited to the fact that
during the period between 7 hours and 9 hours after Newport high
water, the individual observed velocities for a given time differ
greatly from the mean values given in table 1. At some time during
this period the northward velocity reaches its minimum value be-
tween two maximums. The exact time of this minimum flood
appears to vary considerably from cycle to cycle. On the average
it occurs very nearly 8 hours after Newport high water. Its velocity
may be small or of considerable magnitude in either a northward or a
southward direction. The large velocities observed appear to be
limited to the draws of the bridges, at which points the width of the
stream is greatly constricted. he movement is very much the same
at the two bridges, except that the velocity is larger and the tendency
for the current to flow southward in the middle of the flood period is
more pronounced at the highway bridge than at the railway bridge.
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Fig. 21. Currents four hours after high water at Newport.
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Fig. 22. Currents five hours after high water at Newport.
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