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FIG. 1.—BOSTON HARBOR IN 1775
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TIDES AND CURRENTS IN BOSTON HARBOR

INTRODUCTION

This volume constitutes the fifth of a series on tides and currents

in important waterways of the United States, the purpose of which is

to make available to the mariner, the engineer, the scientist, and the

public generally the tidal and current data now in the files of the

United States Coast and Geodetic Survey. In preparing this pub-
lication it has been the aim to give in considerable detail the results

of all observations in Boston Harbor which were available at the time
of the publication.

The tide observations include a long series at the navy yard at

Charlestown, which extended more or less continuously from 1847 to

1877; a series at Commonwealth Pier No. 5 in South Boston, which
commenced in 1921 and is still being continued; and a number of

short series covering periods from a single day to a number of months
at various places throughout the harbor. The two longer series are
known as primary, a primary tide station being one which is main-
tained over a series of years for the main purpose of securing extensive
tidal information in any locality. The shorter series of observations
were generally taken in connection with other hydrographic work,
especially for use in the reduction of soundings to a uniform datum.
Results from short series are corrected by comparison with simul-

taneous observations at some primary tide station. In addition to
the records of the Coast and Geodetic Survey, there are also included
in this volume the results of tidal observations at the navy yard by
the Navy oflicials for the period 1902 to 1911 and shorter series at

Moon Head and Nut Island by city officials.

The current observations include those taken under the direction
of the following parties: Lieut. C. H. Davis, in 1847 and 1848; Assist-

ant Henry Mitchell, in 1860, 1861, and 1863; and Lieut. R. W. Wood-
worth, in 1926. Current data secured by the committee on the Charles
River Dam in 1902 are also included. In general the current obser-
vations at each station covered only a day or two, but at a few
stations the observations were continued over longer periods. The
observations were reduced by comparison with the tides at one of

the primary tide stations.

Through a cooperative arrangement with the Bureau of Lighthouses
hourly current observations were taken on the Boston Light Vessel
during two periods—from September 22 to December 26, 1913, and
from June 8, 1926, to June 30, 1927.
The general characteristics of tides and tidal currents, which were

discussed in Special Publication No. Ill, are reprinted in the appen-
dix of the present volume for convenience of reference.

Attention is also directed to the tide and current tables which are
published in advance annually by the Coast and Geodetic Survey.
These tables contain data based upon the latest information available
at the time of publication. They include the predicted tides and
currents for every day in the year at a number of principal ports and
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also contain summaries of the principal tidal and current elements
for several thousand places throughout the world. Other publica-
tions of the Coast and Geodetic Survey relating to tides and currents
are listed in the back of this volume.
Changes in the physiographic features of Boston Harbor during the

past 150 years are illustrated by a comparison of a map published in
England in 1775 (fig. 1) with a modern chart of the Coast and Geodetic
Survey covering this harbor (fig. 2).

TIDE OBSERVATIONS, BOSTON NAVY YARD

The first primary tide station in Boston Harbor was established at

the Charlestown Navy Yard , June 1 , 1847, under the direction of Lieut.

C. H. Davis. In the preceding year there was a short series of observa-
tions covering the period October 30 to November 20, this short series

constituting the earliest tide observations in Boston Harbor of which
we have record.

Original tide scale.—At first the observations were made by reading
the height of the water on a tide scale located at the old dry dock.
These readings were generally taken every five minutes near the times
of high and low water, beginning about a half hour before the esti-

mated time and continuing until after the tide had turned. The tide

scale was located on the southern side of entrance to the old dry dock
(Dry Dock No. 1), just outside the gate. The scale consisted of copper
or bronze strips inlaid in the stone wall of the dry dock, these strips

having presumably been set in place during the construction of the

dock some 16 years before the tide observations were commenced.
In addition to the scale used for the tide observations, there were

five other similar scales in the walls of the dry dock, four of these being
inside the dock and the other, like the tide scale, outside the gate.

Apparently, the inlaid strips of each scale had been originally spaced
at 1-foot intervals, although during the period of observations and
afterwards it was reported that the opening of the seams between the

stones of the wall had caused the distance between strips on adjacent
stones to be slightly in excess of 1 foot. Each even foot of the scales

was marked by a numeral, also inlaid in the stone. The scales inside

the dry dock were complete, with the zeros corresponding with the
level of the dock sills and the 30-foot elevation corresponding with the

top of the coping, the last inlaid strip being 1 foot below the coping at

the 29-foot elevation. The two scales outside the gate, including the

tide scale, commenced with the 16-foot mark and ended with the 29-

foot mark just 1 foot below the top of the coping.

Auxiliary staff.—It was reported that an auxilary staff was used for

the tide observations to obtain the subdivisions of the foot, and such
a staff was presumably used also to obtain readings below the 16-

foot mark of the scale. Just how this auxihary staft' was set is not
known. Although it was reported from time to time that the zero of

gauge was 30 feet below the top of the coping above the scale, which
had been adopted as a bench mark, it is quite reasonable to assume
that in the actual setting any one of the footmarks of the auxiliary

staff may have been brought opposite the corresponding footmark of

the inlaid scale. In such case the distance of the staff zero below the

bench mark would have exceeded 30 feet by an amount equal to the

excess expansion of the seams between the stones lying above the

graduation used in setting the auxiliary staft".
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Tide observers.—The first staff readings were taken by Isaac

Williams, a sergeant in the Marine Corps, who served as tide observer

from the beginning of the series in 1847 until the time of his death on
August 14, 1857. He was succeeded by his son-in-law, T. E. Ready,
who served until the station was temporarily discontinued in 1866.

Letterfrom tide observer.—The following is a copy of a letter written

by Mr. Williams in 1857, apparently in reply to inquiries from the

office:

Charlestown, Mass., July 9, 1S57.

Capt. M. L. Smith,
Assistant in charge Coast Survey Office, Washington, D. C.

Dear Sir: Yours of the 7th instant has just been received, and I hasten to

answer the question asked therein.

1. "Have the tides been observed at the same spot and the same gauge?"
The wall of the dry dock has settled some 4 or 5 inches; there is a difference of

2 inches in some of the feet, say from 20 to 22 feet. The foot will measure near
14 inches, while in some other feet the measure is nearly right. I have within a
short time taken the observation a short distance below, I have taken particular

notice that it did not vary a moment in time or measurement.
2. The time is kept by a rather poor watch which I keep regulated by Cam-

bridge time. I have used the same watch, or rather the same time, for a number
of years. I have made appUcation to Mr. Mitchell to purchase a good one
warranted from 1 to 10 years. Hope you will use your influence in getting the

permission to purchase.
3. My work of observing has been always the same.
4. I am not aware that there has been any change in the depth of the water

near the gauge or in the channels leading to it. I never look at the difference

between mean and apparent time but take my observations every 5 minutes, 30
minutes previous to high and low water. When the last 5 minutes expire I wait
until the water begins to rise or fall; I then note (after stopping 5 minutes) the
first rise or fall and then in 5 minutes more make another observation and leave

until half an hour of the next tide.

Yours truly,
(Signed) Isaac Williams.

Expansion oj seams in dry dock.—From the above letter it appears

that in 1857 the seams between the stones had opened by a very
noticeable amount, although it is possible that the excess of 2 inches

noted by Mr. Williams may have been estimated by eye rather than
obtained by direct measurement. Mr. Williams attributed these

openings to a settlement of the dock, but from later investigations,

especially those of John R. Freeman, chief engineer of the committee
on the Charles River Dam, it appears more probable that they resulted

from the action of frost in raising the stones above the seams.
Change oj location oj staff.—Some time in 1857 the place of taking

the observations was changed from the entrance to the dry dock
to a point about 400 feet easterly, and it is possible that the state-

ment in Mr. Williams's letter that he had "within a short tirne

taken the observation a short distance below," had reference to this

change. He adds that he had "taken particular notice that it did
not vary a moment in time or measurement." Just how the staff

in its new position was set to agree with the old tide scale is not
known, possibly by water-level comparisons.

Repairs to dry dock.—It appears that about the year 1859 the dry
dock was lengthened by extending the inner end and that other
repairs were made. References to these repairs are contained in a
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letter from Henry Mitchell, assistant in the Coast Survey, under date
of October 21, 1860, in which he writes

—

In a recent letter on tidal matters I gave you information of an error in the
position of the Charlestown gauge. I have fully examined this matter now and
can make an official report.

Within the last year the blocks of granite, forming the outer position of the dry
dock, have been removed to make repairs; and when these were replaced it was
thought advisable to drop them a little below their old positions, as it had been
found that the coping of the dock inclined inland. The positions of the copper
figures were also altered, so as to make the top of the wall read 30 feet, as before.

The gauge is placed in a situation which makes it rather inconvenient for level-

ing, so that lines run by different persons differ several hundredths.
We have determined, with the utmost care, that the coping directly over copper

figures, instead of reading 30 feet on our gauge, reads 29.93 feet—i.'e., 0.07 lower
than before repairs.

If your mean low water read 14.76 feet below coping before, it should now be
14.69 below same point of new waU.

In my last I stated that the dock coping inclines seaward. I find now that the
observer had accidentally reversed his figures and that it still inclines inland

over one-tenth foot for the original length of the dock.

This letter contained a rough sketch showing the position of the

tide gauge a short distance to the northeastward of the dry-dock
entrance.
Mr. Mitchell ascertained that the top of the coping which was

being used as a bench mark corresponded to a reading of 29.93 feet

on the tide gauge instead of 30 feet. It is assumed that this result

was obtained by leveling to the tide staff which was located north-

easterly from the dry-dock entrance and did not refer to the bronze

scale below the bench mark. The 29-foot division of the bronze

scale is on the coping stone itself, and no disturbance of the stone

would have affected the relation of bench mark to this scale division.

Although Mr. Mitchell assumed that the difference of 0.07 foot

between 30 feet and 29.93 feet was due to a change in the elevation

of the bench mark, it is not at all certain that the tide staff had previ-

ously been set with its zero exactly 30 feet below the bench mark.
Taking into consideration the wide openings between the stones, as

reported by Mr. Williams in 1857, it seems quite possible that in

resetting these stones the bench mark on the coping may have been

lowered by even a greater amount than 0.07 foot.

Installation of box gauge.—The tide station appears to have been
retained in its position northeast of the dry dock until May 28, 1861,

when a box gauge was installed in a tide house a short distance south-

westerly from the dry-dock entrance. The following is a copy of

Henry Mitchell's descriptions of this gauge:

A cylindrical copper float 5M by 9 inches (outside) rises and faUs within a
copper pipe of 6 inches (inside) diameter, closed at bottom. A wooden box
incases the copper pipe and protects the latter, from being jammed by vessels

lying alongside the wharf. This box is firmly secured to a pile by iron straps.

The water enters the outer box by several half-inch holes near the bottom and
enters the copper pipe by six 3^-inch holes, similarly situated.

The graduated rod, from which the observer reads the height of the tide,

passes from a socket in the float upward through the floor of the house built for

the self-registering tide gauge. A hole through the roof of the house will allow

the gauge rod to pass up to any height. This hole is to be covered^ whenever it

storms, and at such times the observer may shut up the hole, it being provided

with hinges. Whenever the observer is not at the station the pole is doubled
upon its hinges in order that it need not be exposed to accidents by projecting

above the roof—the flying-jib booms of vessels frequently project over the gauge
house.
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The reading point upon this new gauge is so placed that the heights will corre-

spond with those upon the staff gauge heretofore used.

The observer may always keep his gauge rod dry and thus prevent changes of

float line.

Cost of above, exclusive of expenses for traveling and subsistence of builder, $42.

The self-registering gauge to which reference is made in the pre-

ceding description was a gauge that had previously been installed by
A. Boschke, for the harbor improvement commission of Boston.
This gauge was placed in charge of the same tide observer who read
the Coast Survey tide gauge.
The box gauge, like the previous staff gauge, was read by the tide

observer every five minutes near the times of high and low water.

Observations appear to have been continued with the box gauge
until the series was temporarily stopped, September 30, 1866.

ReestaUisJiment of station witli self-registering gauge.—On August 15,

1867, the tide station was reestablished and a self-registering gauge
was installed at the dock next southwest of the dry dock, A. C.
Mitchell having charge of the installation. Mr. Mitchell was in-

structed to put up a staff for comparative readings and also a box
gauge.
The observer first placed in charge of the self-registering gauge

when installed in 1867 was C. Levin, who served until September .3,

1867, and was succeeded by Henry Howland, who continued in

charge until the end of the series, in 1877.

EstahlisJiment of new lench marTc.—When the self-registering gauge
of the Coast Survey was installed in August, 1867, A. C. Mitchell
reported "The old bench mark does not exist, the dry dock having
been rebuilt." Mr. Mitchell presumably considered the relaying of

the stones as equivalent to the destruction of the old bench mark
and established another bench mark near the upper end of the dry
dock on a section that was built about the year 1859, the dock being
lengthened about that time.

This mark, now designated as "B. M. 2," and originally referred to

as the "new bench mark," was described as "the top of the facing of

the dry dock on the west side and near the head directly over the foot

of the long steps and is designated by an arrowhead cut in the side

of the stone." A spike driven into a spile directly in the rear of the
tide house and corresponding with the 18-foot mark on the staff was
1.433 feet below the new bench mark, thus making the new bench
mark 19.433 feet above the zero of the tide staff.

In the following year Mr. Mitchell connected the new bench mark
with the point on the coping previously used as the old bench mark and
ascertained that the new bench mark was 0.176 foot lower than the old
one. The zero of the new staff was therefore approximately 19.61 feet

below the old bench mark, assuming the elevation of the coping had
not been materially changed.

Pressure gauge.—In the latter part of the year 1869 a pressure gauge
designed by John M. Batchelder was installed for experimental pur-
poses, the regular gauge being continued in operation. The pressure
of the water was transmitted through a rubber bag filled with glycerin,
and the rise and fall of the tide was automatically registered in the
form of a curve similar to the curve from the regular gauge. In the
records it was called the "glycerin gauge." It was retained in use
until February, 1872. The records from this gauge are not used in

this publication.
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Repairs to dry dock.—In the years 1869 and 1870 extensive repairs

were made to the dry dock, which included the relaying of the coping
stones. These repairs necessitated the removal of the tide station to

another position in July, 1870.

Porcelain tide sta/ff.—In the latter part of the year 1869 the tide staff

had been reported to be in bad condition. Under date of October 23,

1869, A. C. Mitchell was informed that a new porcelain staff would be
sent to him for installation, and he was instructed as follows:

These tide staffs are made of sheet iron, with a porcelain covering on the face
side and paint on the back side. They should be handled with some care to avoid
bending, lest the covering be cracked. You should select a place for the one at the
navy yard where it will be as secure as may be from accidental injury and remain
as a permanent scale for reference, and not too far from the tide gauge. It should
be fixed up on the stone wall of a wharf, if it can be done conveniently, and where
the height of the water can be read on it at any time. We use for economy ordi-

nary brass wood screws with thick brass washers between the heads of the screws
and the plates. These washers fit into the holes in the plates and protect the
coating from injury. The plates can be screwed upon a well-painted pine plank,
which must be at least 2 inches thick and a little longer and wider than the plates.

The staff is 20 feet long and made in 10-foot sections, and you will find in putting
it up that the lower end of the upper section must go a little over or under the
upper end of the other piece in order to preserve the proper distance between the
divisions. The pine plank that receives the plates may be fixed directly upon the
wall if that is perpendicular, but if not, then to another piece of timber properly
cut to bring it so, and painted. All the bolts or spikes used should be of brass or

copper in order to secure durability.

If you can do so, it will be best to place the 20-foo-c mark of this staff on a level

with the old bench mark at the entrance of the dry dock, which reads 30 feet on
its own scale. We believe some of the copper figures and marks are still remaining
which will enable you to find that place for the 30. That bench mark has been
used a great deal and we know its history, and if you can place the new staff as

here directed it will be very convenient in computations, there being just 10 feet

difference. We believe the old bench mark has never been submerged more than
once or twice when there were very severe easterly storms.
We suppose you will have to use a level to fix the position of the new staff or to

ascertain its height relatively to the bench marks, and while doing so we want
you to level between the old bench mark at the entrance to the dry dock and the
bench mark fixed by you in August, 1867, near the head of the dry dock.

In reply to the above Mr. Mitchell wrote under date of November
1, 1869, asking for further instructions and stated

—

The old bench mark is again gone, as they have just taken down the lower end
of the dry dock.

In reply to this letter the assistant in charge of the Coast Survey
office wrote

—

We infer from your letter of the 1st that the repairs that are being made at

the dry dock are so extensive that it is not best for us to put up the porcelain

staff until they are completed. When they renew the copper scale af the entrance
of the dry dock we shall want to know how it compares with the old one, and it

will, we suppose, be necessary for us to do it by leveling. We will therefore

defer the whole thing till then.

On January 12, 1870, A. C. Mitchell wrote

—

Before leaving Boston I found that the marks on the tide staff at the navy
yard had become so obUterated that it could not be read at low water. So I

ordered John Cass to prepare the pile for the porcelain plates (the same pile

being the only suitable place) and instructed him how to put the plates on so

that the 18-foot mark would come in the same place as before. I expect that
this has been done and also that the dry dock is done. The plates can be moved
at any time, so that the 20-foot mark can be on a level with the bench mark, but
the sooner it is done the better, before the screws get rusted in. Would it not
be best for me to go and attend to that when I get through here?
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On February 9, 1870, Mr. Mitchell again wrote—

I have altered the staff at the Charlestowia Navy Yard as you directed, so that

the 20-foot mark on the staff corresponds with the bench mark at entrance of

dry dock. The Vjench mark at foot of entrance of dry dock is 0.155 foot above
the bench mark at head of dry dock. These levels I ran over eight times on

three separate days (the only suitable weather I have had), and they all agree

with one another "within half a hundredth-—most of them nearer—so that I am
quite sure they are correct. The staff is attached to the same pile as before, liehind

the tide house, 8 or 10 feet from it.

Change in location of gauge.—On July 19-21, 1870, the self-register-

ing tide gauge was moved to the next pier on the opposite side of the

same slip on which it had been established. The removal of the

tide staff was delayed to await the arrival of a leveling instrument, but
the staff was carried away by a colliding steamer on July 24 and
reinstalled July 26, 1870, with the 20-foot mark level with bench
mark No. 1. Apparently there was no further change in the position

of the tide station until it was discontinued on February 19, 1877.

Later series at navy yard.—Since the primary station was dis-

continued in 1877 observations covering a few tides were made at

the navy yard in 1892, 1893, and 1894. These were taken in con-

nection with hydrographic work, but the series were too short to be
of any value except for comparison.

In 1902 an automatic tide gauge was installed by the public works
department of the navy yard, and observations have been continued
to the present time. The records, however, have not been completely
tabulated, but such results as are available are included in this

publication.

The datum to which these later observations are referred has been
reported as 14.54 feet below bench mark 2. If the elevation of bench
mark 1 above bench mark 2 is taken as 0.36 foot from the average of

all the levels between 1900 and 1923, this datum is found to be 14.90

feet below bench mark 1

.

Reduction to a unijormdatum.—^The reduction of all the observations
at the navy yard to a uniform datum must depend largely upon a

single bench mark, the top of the coping of the dry dock over the
inlaid tide scale used for the early observations. Unfortunately,
this bench mark has been subject to some changes, as already noted,
the principal changes being the expansion of the joints between the
stones of the dry-dock wall by the action of frost and the changes
due to relaying the stones at times of repairs. The exact amount of

these changes as they occurred at different times can not now be
determined, but we can draw some conclusion in regard to the prob-
ably maximum variations from such information as we have available.

Dry DocTc No. 1, at Charlestown.—Together with one being built

at Norfolk, Va., at the same time, Dry Dock No. 1, at Charlestown,
is the oldest dry dock in the United States. It was authorized by
act of Congress passed March 3, 1827, and the coping was completed
in 1831. It was built under the direction of Loammi Baldwin, a
noted engineer of that period. In preparing for the foundation, exca-
vations were made through 18 inches of marsh mud, 5 feet of blue
clay, 13 feet of yellow sand and gravel, then hard clay interspersed
with small strata of sand, gravel, and bowlders. Piles were driven
3 feet from centers each way to hardpan or rock at depths of from
8 to 30 feet. The walls are of eastern granite, laid in cement mortar.
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Tide observations were commenced in 1847, about 16 years after

the completion of the dock. Ten years later, in 1857, the tide observer
reported opening of joints between the stones under the bench mark,
estimated to be as much as 2 inches in some cases. About two years

later, in 1859-60, repairs were made which involved the relaying of

the coping stones. Other repairs involving the relaying of the coping
stones were made 10 years later, in 1869-70.

Leveling connections.—Until the year 1867 the tide staffs were
referred solely to bench mark 1, the top of the coping at the entrance

to the dry dock. In 1867 bench mark 2 was established on the coping
near the head of the dry dock.
The elevation of the old bench mark No. 1 above the new bench

mark No. 2 has been reported from time to time as follows:
Foot

June, 1868, A. C. MitcheU, Coast Survey 0. 170
Feb. 8, 1870, A. C. Mitchell, Coast Survev •

. 155
July 26, 1870, A. C. Mitchell, Coast Survey . 153
1878, city survey office, Boston, Mass . 21

1882, Gilbert Hodges . 23
January, 1900, Hyde & Sherry, civil engineers, Boston . 35
1903, F. M. Miner, citv surveyor's office, Boston . 34
1903, W. E. Spear, Charles River Dam, Boston . 34
1903, H. B. Wood, State harbor commission . 37
Aug. 9, 1916, N. H. Heck, Coast and Geodetic Survev . 37
Oct. 13-16, 1923, E. B. Roberts, Coast and Geodetic Survey . 36
Nov. 15, 1927, Dwight P. Robinson & Co. (Inc.), New York . 36

The change from 0.176 in 1868 to 0.155 in 1870 was probably due
to the repairs in 1869, while the gradual change from 1870 to 1900 may
be assumed to be due primarily to the action of frost on the seams
between the stones. Between 1900 and 1927 the changes are small

and irregular.

In 1916 the third bench mark, designated as bench mark 3, which
consisted of a standard disk of the Coast and Geodetic Survey, was
established on Dry Dock No. 2 at the navy yard. This dock was
built in 1905. The relation of bench mark 3 to the two older benches
has been determined by levels as follows:

Below
B. M. 2

Aug. 9, 1916, N. H. Heck, Coast and Geodetic Survey
October, 1923, E. B. Roberts, Coast and Geodetic Survey
November, 1927, Dwight P. Robinson Co. (Inc.), New York.

Foot
0.52
.50
.49

Assuming that bench mark 3 has remained fixed, the above results

suggest that both the older bench marks may have settled from 0.03 to

0.04 foot iDctween 1916 and 1927, although the differences are too small

to be conclusive.

Tide scale.—In 1903 measurements under the direction of John R.
Freeman, chief engineer of the committee on the Charles River Dam,
were made between the footmarks of the inlaid tide scales on the walls

of the dry dock. It was found that the spacing between marks on the

same stone was always exactly 1 foot, but between marks on different

stones the difference was a Uttle in excess of 1 foot. On the tide scale,

directly under bench mark 1, the excess varied from 0.04 to 0.07 foot,

with a total excess of 0.36 foot between the top of the coping and the
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16-foot mark, which was the lowest division of the scale. It was also

determined that the top of the coping was 30.47 feet above the aver-

age level of the gate sills of the dry dock.

Another measurement of this scale, made under the direction of an
officer of the Coast and Geodetic Survey on June 27, 1927, indicated

an excess varying from 0.04 to 0.08 foot between individual stones and
a total excess in the entire scale wliich was 0.04 foot greater than that

obtained in 1903. Although this suggests that bench mark 1 may
have risen 0.04 foot during the period 1903 to 1927, it will be noted

that the levels between bench mark 1 and bench mark 2 show a rela-

tive change of only 0.02 foot for this period, and that levels to bench
mark 3 indicate a settlement of 0.04 foot between 1916 and 1927.

Conclusions in regard to iench-marlc changes.—What conclusions can
be drawn from the above data in regard to any changes in the elevation

of bench mark 1 since the tide observations were commenced in 1847?
Changes from three causes are conceivable—settlement of the dock as

a whole, raising of the stones by the action of frost in the seams be-

tween the stones, and changes caused by relaying the stones during
repairs.

The dock was substantially constructed by a capable engineer;

approximately 16 years had elapsed after its construction before the

tide observations were commenced; and a careful investigation by
the chief engineer of the committee of the Charles Rivor Dam in 1902
failed to reveal any evidence of a settlement. For these reasons we
may safely disregard the question of settlement.

Changes due to other causes are in evidence, but the exact amount
of such changes is unknown. It will be noted that in 1857 an expan-
sion of the seams between stones amounting to approximately 2

inches in some cases was reported. In 1903 a careful measurement
gave the maximum expansion between two stones as 0.07 foot, or a

little less than 1 inch, and in 1927 this expansion was found approxi-
mately the same. Taking into account the possibility that the value
given in 1857 may have been only a rough estimate rather than a

direct measurement, there appears to be no reason for concluding that
the elevation of the bench mark on the coping since 1903 has differed

materially from its elevation in 1857 because of the opening of the
seams between the stones. It appears probable that the expansion
due to the action of the frost had already reached a maximum in

1857, and it is not impossible that this expansion had reached a

maximum prior to that time. As the dry-dock walls had been com-
pleted approximately 16 years before the tide observations were
commenced in 1847, it is reasonable to assume that there had already
been some expansion in the seams prior to the beginning of the obser-
vations, and the bench mark may not have changed much in elevation
between that time and 1857.
During the repairs of 1859 some of the stones were relaid, and it is

probable that the bench mark on the coping was lowered a little

but through the action of frost in subsequent years again raised.

Similarly in 1869-70 the bench mark may have been lowered again
a small amount by repairs and later raised through the action of frost.

From the year 1900 to the present time (1927) leveling connections
with other bench marks indicate that bench mark 1 has remained
very nearly fixed. If all the leveling is accepted as absolutely
accurate, bench mark 1 apparently rose 0.02 foot relative to bench
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mark 2 between the years 1900 and 1916 and then settled 0.01 foot
relative to bench mark 2 or 0.04 foot relative to bench mark 3 between
the years 1916 and 1927, but these differences are too small to be
conclusive.

Because of the uncertainty in regard to the exact amount of the
fluctuation in the elevation of bench mark 1 due to the causes
described and also for want of positive information concerning the
methods alwa3^s used for connecting the several tide staffs with the
bench mark, no attempt has been made to apply corrections for

these fluctuations, but the heights of the tide planes as directly

obtained are compiled in the tables which follow. The general
uniformity of the results indicate no considerable change in the

datum.
Reduction of records.—Detailed results from each year of observa-

tions obtained from the reduction of the tide records for the navy
yard are given in Tables 1 to 8, and summaries of the tidal data are

included in Tables 25 to 28. The items contained in these tables are

explained in the following paragraphs:
Lunitidal intervals.—The mean high-water lunitidal interval is the

average time that elapses between the transit of the moon over the

meridian of a place and the followmg high water. Similarly, the

mean low-water lunitidal interval is the tune between the transit of

the moon and the followmg low water. For brevity these intervals

are frequently designated sunply as the high and low water intervals

and are represented by the symbols HWI and LWI, respectively.

In general the tides are referred to either the upper or lower meridian
passage of the moon. The intervals usually vary from day to day
with changes in the phase, parallax, and declination of the moon and
sun, but the average over a considerable period of time is fairly constant
for any particular locality.

The mean high-water interval is also sometimes called the "cor-

rected establishment of the port," and is approximately the same as

the "high water, full and change," which applies to the tide at the

times of new and full moon. At such times, however, the intervals

are usually 10 to 15 minutes greater than the mean.
The mean high-water interval at the navy yard, as derived from

30 years of observations from 1847 to 1876, is 11.44 hours, or 11 hours
26 minutes, and the mean low-water interval for the same period is

5.23 hours, or 5 hours 14 minutes. The intervals as obtained for the
individual years will be found in Table 1 . The averages for the three

10-year groups are also given.

Mean rise interval.—The mean rise interval, abbreviated MRI, is

the average time between the transit of the moon and the middle of

the period of the rise of the tide. It may be computed by adding the

half period of rise to the mean low-water interval, rejecting multiples

of the semidiurnal tidal period (12.42 hours) when desired. The
mean rise interval is convenient for comparing the time of the tides

at different stations when it is unnecessary to distinguish between
the high and low water differences. The mean rise interval for the

navy yard is 8.34 hours.

Tropic lunitidal intervals.—Near the times of the maximum decli-

nation of the moon there is often considerable inequality both in the

intervals and in the heights of the two high waters and also of the

two low waters of each day. The term "Tropic tides" is applied to
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the tides at this time. From an harmonic analysis of the observations

for the year 1869, the following tropic intervals were obtained for the

navy yard: Tropic higher high-water interval—that is, the interval

referring to the higher of the two high waters of the day at the time

of the tropic tides—11.36a hours; tropic lower high-water interval,

referrmg to the lower of the two high waters of the day, 11.58b hours;

tropic higher low-water interval, referring to the higher of the two
low waters of the day, 5.15a hours; and tropic lower low-water inter-

val, referring to the lower of the two low waters of the day, 5.46b

hours. The intervals marked "a" refer exclusively to the moon's
upper meridian passage at the time of its north declination and to

the lower meridian passage at the south declination; the intervals

marked "b" refer exclusively to the moon's lower meridian passage

at its north decimation and to the upper meridian passage at the

south declination.

From an inspection of these tropic intervals, the sequence of the

tides is higher high water to lower low water followed by the lower

high and higher low water.

Greenwich intervals.—The lunitidal intervals which are usually

computed and published refer to the transits of the moon over the

local meridian of the place where the tides have been observed. Such
intervals do not afford a direct means for comparing the time of the

tide at stations located in different longitudes but require certain

corrections for the difference in longitude. If the lunitidal intervals

for all stations were referred to the transits of the moon over some
standard meridian, such as the meridian of Greenwich, they would
afford a direct means of obtaining the actual difference in the time of

tide without further correction. In west longitude the Greenwich
intervals exceed the local intervals by an amount equal to the average

time elapsed between the transit of the moon over the meridian of

Greenwich and the transit over the local meridian. For the longitude

of the navy yard, and also for Commonwealth Pier No. 5 in Boston,

this is 4.90 hours. Applying this difference to the local lunitidal

intervals and rejecting multiples of the semidiurnal period when
desired, the corresponding Greenwich intervals are obtained. The
Greenwich intervals for mean high water, mean low water, and mean
rise of tide are included in Table 25.

Duration oj rise oj tide.—The mean duration of rise of tide, abbre-

viated DR, is the average time required for the water to rise from its

minimum height at low water to its maximum height at high water.

Similarly the mean duration of fall is the average time required for

the tide to fall from high to low water. Since the average period

between two consecutive high waters or between two consecutive low
waters is the semilunar day, or 12.42 hours, the sum of the mean
duration of rise and the mean duration of fall must equal this amount.
The mean duration of rise for the navy yard from 30 years of obser-

vations is 6.21 hours, and the mean duration of fall is the same.
Therefore, the average time required for the tide to rise from low to

high water at the navy yard is the same as the average time required

for it to fall from high to low water. The duration of rise for indi-

vidual years will be found in Table 1. The average for three 10-year

groups are also given.

High and low water heights.—The mean high and low water heights

at the navy yard for each of the 30 years of observations by the Coast
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Survey and also for 9 years of observations by the navy-yard authori-

ties are given in Table 2. These heights are referred as near as prac-

ticable to the zero of the original tide scale, which was 30 feet below
bench mark 1 on the coping of the dry dock. In Table 3 these heights

are referred to the sea-level datum which is defined on page 41. The
mean high water from the entire series is 4.81 feet above the sea-level

datum and mean low water 4.93 feet below this datum. When cor-

rected for the longitude of the moon's node these values become
4.80 feet and 4.91 feet, respectively.

The spring and neap high and low waters depending upon the phase
of the moon, the perigean and apogean high and low waters depending
upon the parallax of the moon, the tropic high and low waters de-

pending upon the declination of the moon, the diurnal high and low
waters depending upon the daily height inequalities, and the extreme
high and low waters depending upon a combination of astronomical

and meteorological conditions are included in Table 27. These planes

were derived from the corresponding tidal ranges and inequalities.

Mean range of tide.—The mean range of tide is the difference in

height between the mean of all high waters and the mean of all low
waters. From theoretical considerations, the range of tide is least

when the longitude of the moon's node is zero and the inclination

of the moon's orbit to the Equator is at a maximum and greatest

when the longitude of the moon's node is 180° and the inclination of

its orbit to the Equator a minimum. This inequality has a period

of approximately 19 years, and in order to reduce the range as deter-

mined from a single year of observations to a mean value a correction

factor is necessary. The mean of the corrected ranges for the navy
yard for 39 years is 9.71 feet. The mean range for each individual

year as directly obtained and also as corrected for the longitude

of the moon's node will be found in Table 4. The corrected ranges

have also been arranged in groups, the first three groups containing

10 years each and the last group 9 years. The averages for these

are (1847-1856) 9.83 feet, (1857-1866) 9.77 feet, (1867-1876) 9.66

feet, and (1902-1911) 9.57 feet. It will be noted that the range
consistently diminishes but not by a uniform amount, the difference

between the third and last group being only 0.09 foot, although
there is a gap of 25 years between these two groups. Changes
in the mean range of tide in harbors due to various changes in the

configuration of the shore line and bottom are not unusual.
Ranges depending upon pliase and parallax of the moon.—The spring

range of tide is the average maximum semidiurnal range near the

times of new and full moon; the neap range of tide is the average
minimum semidiurnal range near the times of the quadratures of

the moon; the perigean range of tide is the average maximum semi-
diurnal range when the moon is near its perigee; and the apogean
range is the average of the minimum semidiurnal range when the

moon is near its apogee.
Near the times of new and full moon the forces of the sun and

moon conspire to increase the range of tide, and near the quadra-
tures their forces are opposed to each other, causing a diminution
in the range. The nearness of the moon when it is in perigee

tends to give an increased range, while its greater distance when
in apogee tends to diminish the range. The spring and neap ranges
of tide at the navy yard, as derived from a phase reduction of the
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high and low waters for 30 years (1847-1876), are 11.09 and 8.32 feet,

respectively. The perigean and apogean ranges, as derived by apply-
ing to the mean range differences obtained from the harmonic anal-

ysis of the hourly heights for the year 1869, are 11.37 and 8.39 feet,

respectively.

It will be noted that the perigean range is a little greater than
the spring range. In this locality the parallax of the moon appears
to have a little greater influence in increasing the range of tide than
does the phase of the moon. When the perigean and spring tides

occur about the same time of month the range of tide will be es-

pecially large, and when the apogean and neap tides occur together
the range will be especially small.

Diurnal ranges.—There is usually a difference in the height of the
two high waters of each day and also in the height of the two low
waters. For distinction, the two high waters of each day are desig-

nated as the higher high and lower high and the two low waters as the
higher low and the lower low. The great diurnal range of tide is the
difference in height between the average of all the higher high waters
and the average of all the lower low waters. The small diurnal range
is the difference in height between the average of all the lower high
waters and the average of all the higher low waters.

The diurnal ranges for the navy yard, obtained by applying inequali-
ties from the reductions of a single year (1869) to the mean range for

39 years, are 10.44 feet for the great diurnal range and 8.98 feet for the
small diurnal range.

Tropic ranges.—The high and low waters near the times of maximum
declination of the moon are designated as tropic tides. At these times,
while the average semidiurnal range of tide is less than usual, the
inequality in the heights is generally greater. The great tropic range
is the difference in height between the tropic higher high water and
the tropic lower low water, and the small tropic range is the difference
in height between the tropic lower high water and the tropic higher low
water. The values of these ranges, as derived from an analysis of the
observations for the year 1869, are 10.24 feet for the great tropic range
and 7.85 feet for the small tropic range.

Extreme ranges.—Extreme tides result primarily from meteorologi-
cal conditions, but they may also depend largely upon combinations of
astronomical causes. The highest and lowest tides for each month of
observations at the navy yard, as far as available, are given in Tables 5
and 6. The average of the monthly extremes for each year and the
averages for the corresponding calendar months throughout the series

are also given. The average monthly extreme range of tide is the dif-

ference between the average of the monthly extreme high waters and
the average of the monthly extreme low waters. For the navy yard
this was found to be 13.93 feet. The greatest range between the high-
est tide observed and the lowest tide observed was 18.5 feet.

Diurnal inequalities.—The diurnal high-water inequahty is the dif-

ference between the mean of the higher high waters and the mean of
all high waters. The diurnal low-water inequality is the difference
between the mean of all low waters and the mean of the lower low
waters. As determined from the high and low waters for one year
(1869), the diurnal high-water inequality at the navy yard was found
to be 0.40 foot and the diurnal low-water inequality as 0.33 foot.

81772—28 2
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Mean tide level.—Mean tide level, also known as half tide level, is

a plane midway between the mean of all high waters and the mean of

all low waters. In the reduction of the long series of observations at

the navy yard the mean tide level was obtained for each year of obser-

vations, and the results are given in Table 7. The mean tide level for

the entire series of 39 years was found to be 20.12 feet above the zero

of the tide scale. In Table 8 the mean tide level for each year is

referred to the sea-level datum.
Spring and neap tide level.—Aside from the irregular fluctuations

due primarily to meteorological conditions, there appear to be small
variations in the mean tide level due to change in the phase of the
moon. From the phase reductions for the navy yard covering a period
of 30 years, from 1847 to 1876, the spring tide level, or average level at

the time of the spring tides, was found to be 0.04 foot below the mean
tide level, and the neap tide level, or average level at the time of the

neap tides, was 0.04 foot above the mean tide level.

Mean sea level.—The mean sea level is obtained by taking the aver-

age of the hourly heights of the tide over a considerable period of

time. For places near the coast mean sea level thus obtained differs

very little from the mean tide level derived from the high and low
waters. The records for three years—1868, 1869, and 1871—at the

navy yard were reduced to obtain mean sea level, and the average
elevation of mean sea level above mean tide level for these years was
0.16 foot. Adding this difference to the mean tide level as obtained
from the 39 years of observations, we have 20.28 feet as the elevation

of mean sea level above zero of the original tide scale. A discussion

of the sea-level datum will be found on page 41 under "Tidal datums."
Harmonic constants.—Tidsil harmonic constants from an harmonic

analysis of the hourly heights of the tide at the navy yard have been
determined from a series of 369 days, beginning January 1, 1869.

The processes used in the analysis are described in Special Publication
No. 98 of the Coast and Geodetic Survey. The harmonic constants
from this series of observations are given in Table 28. For many
years, until the more recent series of observations was started in

South Boston, these constants were used in making the tidal predic-

tions for Boston for the annual tide tables of the Coast and Geodetic
Survey.
Ages of the tide.—Inequalities in the tide resulting from changes

in astronomical conditions will generally follow the assumed cause by
several hours in time. The time "that elapses between the cause and
the maximum effect on the tide is called the age.

The following ages have been derived from the harmonic constants
for the navy yard: The phase age, or interval by which the spring

and neap tides follow the new and full moon or the quadratures, 38
hours; the parallax age, or interval by which the perigean and apogean
tides follow the corresponding positions of the moon, 57.7 hours; and
the diurnal age, or interval by which the tropic tides follow the maxi-
mum north and south declination of the moon, 19.1 hours.

TIDE OBSERVATIONS, COMMONWEALTH PIER NO. 5

A primary tide station was established on Commonwealth Pier No.
5, South Boston, on May 3, 1921. The float well is a 12-inch iron pipe
with a conical casting containing a ^-inch hole at the bottom for the

access of water. The pipe is about 23 feet long to the intake, and
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below the intake there is a supporting section 73^^ feet lon^ in which
iire cut four 3 by 9 inch slots for the admission of water. The intake
to the main pipe is about 7 feet below mean low water and 6 feet

above the bottom of the harbor. Kerosene is used inside the float

pipe to prevent freezing in the wintertime. Any difference in level in

the pipe due to the introduction of this kerosene is taken into account
in the tabulations by comparative readings on an exposed tide staff.

Tide staff.—A portable tide staff was installed, the support being
secured to a pile on the north side of the pier near the inner end.
At first a 12-foot standard staff was used with the 12-foot mark cor-
responding to the top of support. On September 1, 1922, this was
replaced by a new staff, the support for which was nailed to the old
support with the top at the same elevation. The new portable staff

was set with the 15-foot mark corresponding to the top of this sup-
port. All tabulations of this series have been referred to the second
staff. From first-order levels, October 13 to 16, 1923, by party of
E. B. Roberts, the zero of this staff was found to be 17.97 feet below
the old bench mark 1 at the navy yard. As the original series of
observations at the navy yard was referred to a datum 30 feet below
this bench mark, the staff readings of the later series can be made com-
parable with the old series by the addition of the constant 12.03 feet.

Primary bench marlc.—As the tide-staff support in its exposed posi-
tion is in more or less danger of destruction or change, it is necessary
to check its elevation from time to time by leveling to some bench
mark in the near vicinity. The mark adopted as the primary bench
mark for this series of observations is designated as "B. M. 7" and
consists of a standard disk stamped "7/1922," which is cemented into
the upper surface of water table on the side of heating plant opposite
Commonwealth Pier No. 5. This bench mark is 21.45 feet above the
zero of the tide staff installed in September, 1922. The primary bench
mark has also been connected by levels with a number of other
bench marks in Boston to further insure the permanency of the tidal
datums.

Reduction qf records.-—The records of the observations at Common-
wealth Pier No. 5 have been reduced by the usual methods. Monthly
means and extremes of the high and low waters are compiled in Tables
9 to 24, and summaries of the tidal data are included in Tables 25 to
28. Definitions of the various tidal constants have already been given
on pages 10-14 in connection with the observations at the navy yard.

Monthly means.—The monthly means for the first portion of the
series of observations at Commonwealth Pier No. 5 to the end of the
year 1924 were derived from 29-day groups, beginning with the first

of each calendar month. Beginning with the year 1925, the means
have been derived from the full calendar months. The record from
the first few months of observations was rejected as defective on
account of the clogging of the intake to the float well, and the tabu-
lated means begin with August, 1921.
Annual variation.—The several tide planes appear to be subject to

certain seasonal fluctuations, as illustrated in Figures 3 to 6, which rep-
resent the means from the observations at Commonwealth Pier No. 5
covering a period of a little more than five years. By Figure 3 it will

be noted that the high water in the summer months is several tenths
of a foot higher than in the winter months. Figure 4, which repre-
sents the annual variation in the low water, is somewhat similar to that
for the high water but shows a secondary depression through the middle
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of the summer. Figure 5 shows the variation in the mean range,

which depends upon the relative variation in the high and low water
heights. This curve shows two maxima and two minima points.

Mean tide level, which is a mean between the high and low water
heights, and the sea level, which is the average of the hourly heights,

are represented in Figure 6. It will be noted that these two curves
are approximately parallel and that the mean tide level is consistently

about a tenth of a foot lower than the sea level. Both the mean tide

level and the sea level are from two to three tenths of a foot higher in

the summer months than in the winter months.
The fluctuations illustrated by these figures may be due partly to

meterological conditions depending upon changes in the seasons and
partly to astronomical conditions depending upon changes in the
declination and parallax of the sun.

Intervals, ranges and inequaliiies.—In addition to the principal

tidal elements derived from the full series of observations, the sum-
maries of Tables 25 to 28 include the following quantities for Com-
monwealth Pier No. 5. Intervals, ranges, and tide planes depending
upon the tropic tides, and the ages of the tide were computed from
the harmonic constants given in Table 28. The spring, neap, perigean
and apogean ranges were obtained by applying differences derived
from the harmonic constants to the mean range of tide from the full

series of observations The diurnal high and low water inequalities

were obtained from three complete years of observations, 1922 to 1924,
inclusive. The diurnal ranges were obtained by applying the diurnal
inequalities to the mean range for the entire series of observations.
The relations of the spring and neap tide levels to the mean tide level

were obtained from a phase reduction of the high and low waters for

the year 1924.

Tide planes.—The tide planes given in Table 27 are referred to

both the sea-level datum and the Boston low-water datum which
are defined on page 41. The relations of the different tide planes to

each other and to mean tide level depend largely upon the various
tidal ranges and inequalities. The mean tide level at the navy yard
was derived independently from the high and low water observations
covering some 39 years. The observations at Commonwealth Pier
No. 5 available at the time of this publication cover a period of only a
little more than five years. Because of the fluctuations in the yearly
mean level in any locality, this shorter period of observations is not
sufficient for a satisfactory independent determination of mean tide
level. Comparisons have therefore been made with simultaneous
observations at Portland, Me., where a mean level has been deter-
mined from 15 years of observations. During the period of obser-
vations at Commonwealth Pier No. 5 it appears that the average
level of the water was 0.07 foot below normal, and this difference has
been applied in Table 27 to the mean tide level and other tide planes
determined from the observations at Commonwealth Pier No. 5,

excepting the highest and lowest tides observed, which are taken
without modification.
Harmonic constants.^-The harmonic constants for Commonwealth

Pier No. 5, which are given in Table 28, were derived from an analysis
of two 369-day series beginning January 1, 1922, and January 1, 1924.
These constants are now being used in making the tidal predictions
for Boston, published in the annual tide tables of the Coast and
Geodetic Survey.



18 U. S. COAST AND GEODETIC SURVEY

TIDE OBSERVATIONS, MISCELLANEOUS SERIES

Besides the principal series of tide observations at the navy yard
and at Commonwealth Pier No. 5, there have been a number of
shorter series in various parts of the harbor which were obtained
from time to time in connection with other hydrographic work. The
observations have been reduced and compared Avith simultaneous
observations at certain standard ports, and the results are given in

Table 29. For the comparisons the observations at the navy yard
and Commonw^ealth Pier No. 5 were used as far as practicable, but
whe?i observations at either of these stations were not available

other ports of reference were used.
The results obtained from very short series of observations may be

affected by accidental conditions prevailing at the time of the obser-
vations, which would be largely eliminated in a longer series. For
this reason such results are to be considered only as approximate
values and subject to adjustments based upon other tidal data for

the same general locality.

Adjusted tidal data.—Table 30 contains adjusted tidal results for

the tide stations which are enumerated in the preceding table. In
obtaining these adjusted values consideration was given to various
factors involved. The results from the more recent observations
were given preference to those of earlier observations, not only because
of possible changes in the tide due to changes in the configuration

of the harbor but also because the later series were presumably made
under more favorable conditions. The difficulties of maintaining
accurate time in the earlier years were undoubtedly much greater

than during more recent years.

In maldng the adjustment consideration was given to the harbor
as a whole. The times of the high and low waters throughout the

harbor differ by only a small amount, the tides at the navy yard
occurring about a quarter of an hour later than at Boston Light.

The mean range of tide at the navy yard is about 0.7 foot greater

than at Boston Light. The mean range throughout the harbor varies

from 9 to 10 feet.

The spring and neap ranges are included in this table. For the
two primary stations at the navy yard and Commonwealth Pier No.
5 these ranges were obtained directly from the observations. For
the other stations they were derived by applying to the mean range
factors based upon the observations at the primary stations.

Information in regard to the distance that tidal influences extend
up the several rivers is included in Table 30 for convenience of

reference.

CURRENT OBSERVATIONS, 1847 AND 1848

In connection with a hydrographic survey of Boston Harbor under
the direction of Lieut. Commander Charles H. Davis, current obser-

vations were taken between June 9 and October 22, in 1847, and
between June 7 and October 21, in 1848. A sailing schooner, the

U. S. S. Gallatin, was used in maldng the observations, and the work
was under the immediate supervision of Lieut. John N. Maffitt.

Although the apparatus used is not described in the records, it is

presumed that the velocities were obtained by a log line and that
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they represent the currents near the surface. Directions of the cur-

rent were obtained by angles between the float and objects on shore.

The results from these observations are shown in Table 31. The
station numbers refer to those assigned in the original reductions but
are prefixed by the letter "D " to signify that they are stations occu-
pied by the party of Lieutenant Davis. Numbers omitted refer to

stations for which insufficient data were obtained or to stations which
were reoccupied after a preceding number had already been assigned.

Following the location and dates on which the observations were
made, the length of observations is given to the nearest half or whole
day.
The times of the slacks and strengths are referred to the tides as

observed at the Boston Navy Yard, the slack before flood and the

flood strength being referred to the low waters and the slack before

ebb and ebb strength to the high waters. In general the current

phases follow the tidal phases to which they are referred, but if the
current occurs earlier than the tide, it is indicated in the table by a

minus ( — ) sign. The time difl'erences are given in hours and decimals.

The direction for the flood and ebb strength is reckoned in degrees
from the true north as 0°, through east as 90°, south 180°, and west
270°. The velocities of the flood and ebb strength have been cor-

rected by factors depending upon the range of tide at the navy yard.
The flood duration from slack before flood to slack before ebb and

the ebb duration from slack before ebb to slack before flood are given
in hours and decimals.

Mean current hour.—The mean current hour as given in this table
is expressed in solar time and is the mean interval between the transit

of the moon over the meridian of Greenwich and the time of the
strength of the flood current modified by the times of slack water and
strength of ebb. In computing the mean current hour an average is

obtained of the intervals for the following phases: Flood strength,
slack before flood increased by one-fourth semilunar day (3.10 hours),
slack after flood decreased by one-fourth semilunar day, and ebb
strength increased or decreased by one-half semilunar day (6.21

hours). Before taking the average the four phases are made compar-
able by the addition or rejection of such multiples of the semilunar
day (12.42 hours) as may be necessary.

CURRENT OBSERVATIONS, 1860, 1861, AND 1863

A survey of Boston Harbor was undertaken in 1860, and current
observations were made between July 30 and October 10, 1860, under
the direction of Assistant Henry Mitchell. Additional observations
were made between August 4 and September 19, 1861, and between
August 8 and August 29, 1863, under the direction of Assistant
Mitchell.

Surface velocities were obtained by a log line. Observations for
different depths were made by using two cylinders or two globes con-
nected by wire, the upper cylinder or globe supporting the lower one,
which was set at various depths. By this method the observed cur-
rent was the resultant of the current at the surface and at the depth
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of the lower cylinder or globe. In these observations the direction
of the current was obtained by angles between the float and objects
on the shore.

The results given in Table 32 cover depths to 10 and 12 feet, and
may therefore be considered as applying to the current at an average
depth of 5 to 6 feet. The numbers for the stations occupied in 1860

Fig. 8.—CURRENT STATIONS, BROAD SOUND

are the same as originally assigned, and following these the stations
occupied in 1861 and 1863 are numbered in the order in which they
were occupied. All the station numbers in this table are prefixed by
the letter "M" to signify that they were stations occupied by the
party of Assistant Mitchell. Table 32 is similar to the preceding
table which was explained on page 19.
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CURRENT OBSERVATIONS, 1902

In connection with a general survey preliminary to the construction

of the Charles River Dam, the committee in charge obtained current
observations at several points in Boston Harbor. These current
observations were conducted by W. E. Spear under the direction of

J. R. Freeman, chief engineer, and the results were published in 1903
by the committee on the Charles River Dam. They were made
principally in the channels in four localities, between Boston and East
Boston, between Governors Island and Castle Island, between Deer
Island and Long Island, and between Long Island and Moon Head.
In the first three localities named the observations were taken at five

different depths, namely, near the surface, about one-third to bottom^
one-half to bottom, two-thirds to bottom, and near the bottom. In
the last location the observations were taken at four depths only.

The velocities were obtained by current meters, five different

meters being used for the different depths. Three of these were
Ritchie Haskell meters, one a Fteley & Stearns meter, and the other
an Ellis meter. The direction of the current was in general parallel

to the axis of the stream.
The observations were made principally near the mid-channel,

where the velocity is greatest, but there were also some observations
made at a number of points in the sections across the channels. The
results in Table 33 are from the observations in the mid-channel and
refer to the several depths indicated. In this table the station num-
bers are prefixed by the letter "C" to signify that the observations
were made by the committee on the Charles River Dam.

CURRENT OBSERVATIONS, 1926

A special tidal current survey of Boston Harbor was begun June 8,

1926, by a party under the direction of R. W. Woodworth, of the
Coast and Geodetic Survey. The work was continued until August
11, 1926, when the party proceeded to Portsmouth, N. H., for a
survey of that locality.

Equipment.—The floating equipment included the two wire-drag
launches, Ogden and Rodgers, and the launch Helma, a 55-foot boat
which was leased for the period of the survey. In addition to these
three launches which were used in the observation of currents, the
launch Treasure Trove, a 40-foot boat, was leased as a dispatch boat
and was also used for observing currents. Each of the three larger
launches had accommodations for a crew of eight men, while the
smaller launch had accommodations for six men. All launches were
equipped to remain on station for periods of one week at a time. The
principal current apparatus ^ in use consisted of current poles, Price
current meters, and bifilar current indicators. There was also in use
a Pettersson current meter.

_
Current pole.—The current poles were used in obtaining the direc-

tion and velocity of the current near the surface. The pole generally
used was 15 feet long and weighted to float uprightly with 1 foot of
its length above the water surface. Such a pole would therefore
indicate the resultant current for the first 14 feet of depth, which

J Apparatus used in current surveys is described in considerable detail in Special Publication 124 of
the C. & G. Survey.
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may be considered as referring to an average depth of 7 feet. For
very shallow depths shorter current poles were used.
The line attached to the pole was so graduated that the observer

determined the velocity in knots by the number of divisions that
passed over a given point during an interval of one minute. To
permit the pole to get a sufficient distance beyond the disturbed
waters near the launch and also to attain the velocity of the current
before observing, a stray line of approximately 100 feet in length was
used between the graduated line and the pole.

The direction of the current relative to the boat was obtained by
means of the pelorus, a graduated dial arranged in a convenient
place on the boat so that the current line would pass over its center
as the pole was carried out by the current. The direction of the
vessel's head being known by the compass, the direction of the
current for each observation was readily calculated, corrections
being applied for the deviation and variation of the compass.

Price meter.—Price current meters were generally used for the lower
depths. These meters indicate velocity only. Meter cups rotating
with the current cause an electric contact to be made at each turn of

the cups, or, with a device known as the pentahead used for the greater
velocities, at each five turns of the cups. These contacts are audible
to an observer with ear phones on board the boat and indicate the
velocity of the current by their frequency. Each meter in use during
the survey was tested by the United States Bureau of Standards,
and a rating table was prepared, showing the velocity of the current
corresponding to different rates of rotation of the meter cups.

In order to expedite the raising or lowering of the meter to any
desired depth and at the same time to prevent it being carried side-

wise by any strong current, a guiding cable held vertically by a heav}-

weight was used. The meter, which was raised and lowered by its

own cable, was shackled to the guiding cable in such a manner as

to permit it to slide up and down as desired.

Bifilar indicator.—To obtain the direction of the current at the
different depths at which the velocities were obtained by the Price

current meter, an apparatus known as the bifilar current indicator

was used. This device enabled the direction of the current at three
different depths to be determined simultaneously. Three vanes, each
supported by two parallel wires, were arranged so that they could be
lowered independently to the depths desired. The supporting wires

were connected with frames which turned with the vanes. Indi-

cators attached to the frames, passing over peloruses, gave the direc-

tion of the current relative to the vessel's heading.
Pettersson meter.—A Pettersson current meter was also used in this

survey, but as only a single meter of this type was available obser-

vations were made principally with the Price meter and the current
pole. At several current stations the Pettersson meter was used in

connection with the Price meter with very satisfactory agreement in

results.

The Pettersson meter is designed to give a photographic record of

both the velocity and direction of the current and will operate auto-
matically for a period of two weeks. A water-tight cylinder contains

a tiny camera with a roll of film moved by clockwork, a small elec-

tric lamp with batteries, a glass velocity disk with numerals inscribed

near the outer edge, and a glass compass disk carrying two magnetic
needles and inscribed with numerals to indicate direction.
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The compass dial is free to move so that the needles may assume a

north-and-soiith direction. The velocity dial, through a system of

reducing: gears and parallel magnets, rotates with an anemometer
wheel which is actuated by the current. At intervals of 30 minutes
the electric lamp is automatically flashed and a picture is taken show-
ing certain numerals on the velocity and compass dials. The numeral
on the velocity dial indicates the accumulated motion of that dial

due to the movement of the current. The difference between two
successive readings, as interpreted by a rating table, gives the average
velocity of the current for the half-hour period. The numeral on the

compass dial indicates the direction of the current at the moment the

picture was taken.

Stations occupied.—During this survey 56 current stations were
occupied in Boston Harbor, the locations being indicated in Figures

7 to 11. At stations Wl, W16, and W37 the observations covered
periods from 6 to 14 days. At the other stations the period of obser-

vations ranged from one-half to two days.

In general observations were made at each station with both the

current pole and the Price meter, the latter being set at depths
approximately equal to two-tenths, five-tenths, and eight-tenths of

the depth at each station. These observations were usually made in

groups at half-hourly intervals, each group consisting of a pole obser-

vation and two meter observations at each of the depths, the direc-

tion of the current at each depth being obtained by the bifilar current

indicator. Supplementarv observations with the Pettersson meter
were obtained at stations'W2, W5, W9, WIO, W33, W49, and W54,
the results practically agreeing with those obtained by the Price

meter.
Reduction of records.—Following the method generally employed

m the reduction of current observations, the velocities as observed
at approximate half-hourly intervals were plotted on cross-section

paper with the flood velocities above and the ebb velocities below the

zero line representing slack water. A smooth curve was then drawn
following the general line of the plotted velocities. From these curves
the times of slack water and the times and velocities of the current
at strength of flood and ebb were tabulated.
The times of slack water and strength of current were then com-

pared with the times of high and low water at the primary tide

station at Commonwealth Pier No. 5, and the observed velocities

were reduced to mean velocity by comparison with the range of tide

at the primary tide station. The directions of the current as

observed on the pelorus were corrected for ship's head and the
variation and deviation of the ship's compass and are therefore

represented in true azimuth as reckoned from the north toward the
east.

The reductions were made separatelj^ for each depth at which
observations were taken, and the results are given in Table 34. The
station numbers are as originally assigned in the survey, with the
letter " W" prefixed to indicate that the stations were those occupied
by Lieutenant Woodworth in 1926.
Harmonic analysis.—The hourly velocities at stations Wl, W16,

and W37 were reduced by harmonic analysis. Station Wl is located
at the entrance to Nantasket Roads, Station W16 is at the entrance
to President Roads, and Station W37 is in the channel between
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Boston and East Boston. The total lengths of series used for the
analyses at these stations were 5, 14, and 6 days, respectively. For
station W16 two separate analyses were made, one for a 10-day
series and the other for a 4-day series.

Because of the shortness of these series, the usual elimination
processes were not applicable, but corrections were made by com-
parison with tidal harmonic constants derived from simultaneous tide

observations at Commonwealth Pier No. 5, Boston. The analyses
were made for components M2, M4, Me, N2, S2, Ki, and d, and values
for other components were inferred from these principal components
and from the tidal components for Boston. The harmonic constants
are given in Table 35.

The consistency of the results derived from the several series indi-

cates that the semidiurnal components for these stations have been
reasonably well determined, notwithstanding the shortness of the

series of observations upon which they are based. The constants
derived for the diurnal components, especially the epochs for these
components, are less well determined. Because of the small ampli-
tude of these components and also of components M4, and Mg, the
epochs are very sensitive to any small irregularities introduced by
accidental conditions. On the other hand, the small amplitudes of

these components in this locality render them of little practical

importance.
Station W16, off Deer Island Light at the entrance to President

Roads, is a principal current station for which predictions are given
in the current tables published annually by this bureau. Hereafter
these predictions wil. be based upon the harmonic constants in

Table 35.

CURRENT OBSERVATIONS, BOSTON LIGHT VESSEL

There have been two series of current observations at the Boston
Light Vessel in accordance with a general plan for obtaining such
observations through a cooperative arrangement between the Coast
and Geodetic Survey and the Bureau of Lighthouses. The first

series of current observations at the Boston Light Vessel covers the
period September 22 to December 26, 1913, and the second series

June 8, 1926, to June 30, 1927. The apparatus consisted of a log

line graduated for a run of 60 seconds, a 15-foot current pole weighted
to float with 1 foot of its length above water, a pelorus, and a stop

watch or sand glass, the latter having been used for the earlier obser-

vations. An. observation was taken each hour of the day.
The tidal current in this locality is weak and slightly rotary and

is affected to a considerable extent by the wind. In general the

velocities are less than one-half knot. The maximum velocity

recorded was 1 knot, which occurred on April 7, 1927, during a north-
west gale and at a time when the normal tidal current would have
been easterly. The wind therefore tended to increase the normal
velocity and also to divert the direction of the current to the south
of east.

Tidal current.—In reducing these records the observed velocities

were resolved in north and east directions and then referred to the

times of high water at Boston, the earlier series being referred to the

predicted tides for the navy yard and the later series to the observed
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tides at Commonwealth Pier No. 5. The average velocity and
direction of the current for each hour after high water are given in

Table 36. The average times for the slacks and the strengths for

both series are referred to the tides at Commonwealth Pier No. 5,

and the velocity and direction at the strength of flood and ebb are

also given. The average velocity of the tidal current at strength of

flood and ebb is only 0.1 knot. This velocity, being derived from
resolved currents, grouped according to the number of hours after

high water, is less than would be obtained by selecting the maximum
velocities during the periods of flood and ebb regardless of tidal hour
or exact direction. The average velocity for both flood and ebb
current obtained by such a selection for a 29-day period was 0.3 knot.

Set of current.—-In Table 37 there is given the set of the nontidal

current for each month of observations. This set is very irregular,

and the velocity is too small to be of practical importance. The
resultant set from the longer series is in an easterly direction with a

velocity of 0.02 knot. Because of the irregularity in the direction of

the set' from month to month, this velocity derived from the resolved

currents for the entire series is less than the average of the set for

each month taken regardless of direction.

Wind reduction.—In order to determine the effect of the wind on
the current in this locality, the resolved currents were grouped in

accordance with the direction of the wind, and the results are given

in Table 38. The current due to the wind had an average velocity

from 0.06 to 0.19 knot in a direction usually somewhat to the right

of the direction toward which the wind was blowing.

Harmonic analysis.—The resolved hourly velocities for a 221-day
series beginning June 9, 1926, were reduced by harmonic analysis,

separate analysis being made for the north and east components.
The resulting values for the principal components are given in Table
39. As the currents in the locality are chiefly in an easterly and
westerly direction, the values of the H's for the east component are

somewhat larger than the H's for the north component. The east

component of principal element M2 has an amplitude of 0.08 knot,

which is consistent with the velocity of the tidal current as given in

Table 36.

SUMMARY OF SURFACE CURRENTS

For the navigator the currents near the surface are of principal

importance, and for convenience the results for these currents from
the several surveys are brought together in Table 40 and grouped
according to location. For the purpose of this table averages have
been taken of the results from the pole observations and from the

meter observations to a depth of 14 feet, and the times of slack and
strength of current for all stations are referred to the tides at Common-
weallSi Pier No. 5, in order that they may be comparable with each

other.^^

The results from the observations at the various stations listed in

this table show a number of minor irregularities. Some of these may
be due to location. The current near the shore may differ consider-

ably from that in the middle of the channel, and the current at sta-

tions near each other may sometimes vary in time, velocity, and direc-

tion. Some of the irregularities may be due to changes in the con-
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figuration of the harbor, and the currents observed during the later
surveys may actually differ from those of earlier surveys. Many of
the small irregularities, however, may be the result of accidental con-
ditions prevailing at the time of the observations. Only in a few
instances did the observations at any station cover more than two
days, and in many cases the period was one day or less. There was
therefore no opportunity to average out any accidental errors that
might have resulted from special conditions prevailing on the day or
days on which the observations were made.
The tidal currents have access to Boston Harbor through two main

channels, President Roads and Nantasket Roads. In general the
times of the current phases do not differ greatly in different parts of
the harbor. The slack before flood occurs near or soon after the time
of low water and the strength of flood from three to four hours later.

Fig. 12.—TYPICAL CURRENT CURVES FOR STATIONS D46. W13, AND W16

The slack before ebb occurs near the time of high water and the
strength of ebb from three to four hours later.

The Narrows.—The Narrows (see fig. 7) is a channel leading into
Boston Harbor from the southeastward, with Lovell Island on the
northeast and Georges Island and Gallups Island on the southwest.
In this locality the main flood and ebb streams appear to flow westerly
and easterly, passing between Georges Island on the south and Lovell
and Gallups Islands on the north. In that part of the Narrows
lying between Lovell and Gallups Islands the currents appear to be
somewhat irregular, as indicated by the observations made at the
single station D46 in the year 1848.^ Tliis is illustrated in Figure 12,
in which a typical curve prepared from the current observations of

1848 at station D46 is compared with corresponding curves for sta-

tion W13 between Lovell and Georges Islands and for station W16
at the entrance to President Roads. It should be kept in mind.
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however, that the observations at station D46 were made many years
ago, and it is not impossible that changes such as the recent improve-
ment in the North Channel may have materially affected the current
in this locality.

Of Moon Head.—From an examination of Table 40 and by refer-

ence to Figure 10 it will be noted that in the passage between Moon
Head and Long Island, and also between Thompson and Spectacle
Islands, the results from the recent observations in 1926 differ materi-
ally from those of the earlier series in regard to the time of the turning
of the current. The relation of the current from observations of 1848
at station D47 with the current in 1926 at stations Wll and W20, and
also with the current at the principal current station W16, is illus-

trated in Figure 13. In the earlier observations the phase of the cur-

rent corresponded approximately with those for the harbor generally
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slacks and strengths of the current, the minus sign indicating that the

current phases occur earlier than at the principal station and the plus

sign that they occur later. The strength of flood interval is the average
interval between the transit of the moon over the local meridian and
the time of the following strength of flood. The direction of the

strength of flood is given in degrees as reckoned from the true north by
way of the east. The flood and ebb velocities represent the average
velocities at the strength of flood and ebb. The observations at the

current stations Hsted in the last column furnished the basis for the

data given in this table, but small adjustments have been made, and
the results are given in rounded numbers.

Current charts.—Currents in Boston Harbor are schematically

represented for each hour of the tide at Commonwealth Pier No. 5 in

Figures 14 to 25, which are based primarily upon the observations of

1926. The general direction in which the curreqt is flowing is repre-

sented by arrows and the average velocities in knots and tenths of

knots by small figures near the arrows. At the times of spring and
perigean tides the velocities will usually be greater and at the times

of neap and apogean tides less than indicated. Winds and other

meteorological conditions may also affect both the velocity and direc-

tion of the current.

Near the times of high and low water, the currents slacken and are

more or less irregular in direction. The velocities, usually small at

these times, are not included in the charts. The maximum velocity is

reached three or four hours after high and low waters. The average

velocity at strength of current through the entrances to the harbor
is approximately \]/2 knots. Inside the harbor this velocity dimin-

ishes to about 1 Imot or less, except that through Nantasket Gut east

of Peddocks Island the average velocity at strength of current is 23^
knots.

TEMPERATURE AND DENSITY OBSERVATIONS

Temperature and density observations of the sea water in Boston
Harbor have been made from time to time in connection with tide

observations, and the mean results which are available have been
compiled in Tables 42 to 44. The results of such observations at the

navy yard from February to December in 1863 are given in Table 42.

Incidental to the tide observations at Commonwealth Pier Np. 5,

South Boston, the observer takes a temperature and density obser-

vation of the sea water each day the tide station is visited. There
are no requirements that he visit the station at any specified hour nor
that the hour selected should be the same each day. Neither is he
required to make these visits on Sundays or holidays. The times

actually selected for the visits have probably covered nearly all

hours of daylight but appear to be more frequent between 3 and 5

o'clock in the afternoon. It may be assumed that the observations

are distributed approximately imiformly over all phases of the tide.

The observed densities were corrected and reduced to temperature
15° C. Table 43 contains the monthly means and extremes of the

temperatures and densities observed.
Incidental to the special current survey of 1926, temperatures and

densities were taken at three different depths at nearly all of the

stations occupied. The densities were reduced to temperature 15°

C, and the results have been compiled in Table 44.
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Fig. 14.—CURRENTS AT TIME OF LOW WATER AT COMMONWEALTH PIER
NO. 5. END OF EBB, CURRENTS GENERALLY WEAK AND IRREGULAR

81772—28 3
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Fig. 15.—CURRENTS ONE HOUR AFTER LOW WATER AT COMMONWEALTH
PIER NO. 5
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F;g. 16.—CURRENTS TWO HOURS AFTER LOW WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 17.—CURRENTS THREE HOURS AFTER LOW WATER AT COMMONWEALTH
PIER NO. 5
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Fi£. 18.—CURRENTS FOUR HOURS AFTER LOW WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 19.—CURRENTS FIVE HOURS AFTER LOW WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 20.—CURRENTS AT TIME OF HIGH WATER AT COMMONWEALTH PIER
NO. 5. END OF FLOOD, CURRENTS GENERALLY WEAK AND IRREGULAR
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Fig. 21.—CURRENTS ONE HOUR AFTER HIGH WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 22.—CURRENTS TWO HOURS AFTER HIGH WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 23.—CURRENTS THREE HOURS AFTER HIGH WATER AT COMMONWEALTH
PIER NO. 5
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Fie. 24.—CURRENTS FOUR HOURS AFTER HIGH WATER AT COMMONWEALTH
PIER NO. 5
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Fig. 25.—CURRENTS FIVE HOURS AFTER HIGH WATER AT COMMONWEALTH
PIER NO. 5
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TIDAL DATUMS

Height datums.—A height datum is a horizontal plane or level

surface from which elevations are reckoned. Height datums may
be adopted either for local or general use. For local use in a limited

area the datum may be taken as any horizontal plane, either selected

arbitrarily or derived from some tide plane. For general use over
large areas a datum must follow the curvature of the earth, and the
best and most universally accepted datum is one based on the mean
level of the sea.

Mean sea level.—Mean sea level has been defined as the plane
about which the tide oscillates or. as the surface which the sea would
assume when midisturbed by the rise and fall of the tide. The plane
thus defined is the ideal datum which is sought, but the mean sea
level obtained from a limited series of tide observations must be
considered only as an approximation to the ideal datum.
For practical purposes mean sea level is determined independently

at a number of primary tide stations, and in the adjustment of a level

net over a large area it is assumed that these various local determi-
nations are in the same level surface. Whether this assumption is

strictly true is beyond the scope of this work, but it serves for all

practical engmeering purposes.
The mean sea level in any locality is obtained by taking the average

of the hourly heights of the sea over a considerable period of time and,
in some cases, by correcting the result by a comparison with simulta-
neous observations at another station where the datum has been
determined from a longer series of observations. Mean sea level

thus obtained will depend to some extent upon the particular obser-
vations used in the determinations, and small changes may be
expected as additional observations become available and are included
in the calculations.

Sea-level datum.—For engineering work the fixedness of a datum is

of more importance than a precise agreement with a theoretical

definition. For this reason there should be a distinction between
the sea level which may have been adopted as a datum for engineering
work and the best-laiown mean sea level which may be determined
from time to time from all observations available. The sea-level

datum adopted for Boston in connection with the precise levehng of

1923 was derived from the hourly heights of the sea at Common-
wealth Pier No. 5, covering a period of two years beginning August 1,

1921, the results being corrected by a comparison with those obtained
from simultaneous observations at Portland, Me., the corresponding
datum at the latter place being based upon 11 years of observations.

This sea-level datum is defined as being 13.304 feet below bench-
mark 7 in the vicinity of the tide station. Through the first-order

leveling of 1923 this datum was referred to many other bench marks
in Boston and vicinity.

Boston low-water datum.—For some purposes a low-water datum is

more convenient than the sea-level datum. Soundings on charts
for mariners and the predicted heights of the tide in published tide

tables are usually referred to a low-water datum. Likewise much
engineering work is referred to low-water datums.
On the Atlantic coast of the United States the mean of all low

waters, called mean low water, is usually sought as the datum.
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Unlike mean sea level, mean low water as determined in different

localities is not even approximately in the same level surface but
varies with the range of tide, and for this reason it is not adapted to

leveling operations over large areas. Even in a small area there will

be slight differences in mean low water from point to point; for

example, mean low water as determined at the navy yard is 0.07 foot
lower than the mean low water at Commonwealth Pier No. 5 in

South Boston. For practical purposes, however, a low-water datum
may be adopted which will approximately represent the mean low
water over a limited area.

For Boston Harbor such a datum has been selected and designated
as the "Boston low-water datum." This datum is defined as being
14.69 feet below bench mark 1 on the old dry dock at the navy yard
in Charlestown. It was established by the Coast Survey many years
ago from observations at the navy yard and has since been used by
the United States Army Engineers and others. This datum is

0.04 foot above the best-determined mean low water at the navy
yard and 0.03 foot below the best-determined mean low water at

Commonwealth Pier No. 5 for all observations available at this time.

Because of long usage and close agreement with the later results

from many years of observations, the continued use of this Boston
low-water datum is very desirable.

Boston city base.—The Boston city base is a datum which has
been used by the city of Boston for many years. According to the
report of the city engineer of Boston for the year 1904, it is 15.11

feet below the "new" bench mark on the coping of the old dry dock,
which is bench mark 2 of the Coast and Geodetic Survey. The
elevation relative to bench mark 1 on the coping at the entrance to

the dry dock is also given in the same report, but bench mark 2 is

the basic bench mark for the Boston city levels.

Navy-yard datum.—The datum used by the Navy Department for

work in the vicinity of the navy yard at Charlestown has been
defined as a plane 114.54 feet below "Navy-Yard Bench Mark 1,"

which is bench mark 2 of the Coast and Geodetic Survey.
Summary of datums.—The relations of these datums to the sea-

level datum as determined by the leveling of 1923 are as follows:

Feet

Sea-level datum (13.304 feet below B. M. 7) 0. 00
Boston low-water datum (14.69 feet below B. M. 1). —4. 87
Boston city base (15.11 feet below B. M. 2) —5. 65
Navy-yard datum (114.54 feet below B. M. 2) —105. 08

BENCH MARKS

A bench mark is a definite point on a more or less permanent
object used as a reference for elevations. The standard bench mark
used by the Coast and Geodetic Survey is a brass disk 33^ inches in

diameter containing the inscription "U. S. COAST & GEODETIC
SURVEY BENCH MARK," together with other information.

Other well-defined points are also used as bench marks. Through
bench marks tidal datums determined from observations are preserved

for the future use of the engineer.

The following is a list of the several groups of bench marks around
Boston Harbor which are described in this volume:
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The elevations of the bench mark are referred to the principal
tidal datums. Many of them have been connected directly by
spirit levels with the basic bench marks used in defining the datums,
and others are connected with the datums through simultaneous
water levels. The method used in referring the bench marks to the
datums is indicated at the beginning of each group of marks.

BOSTON LIGHT, LITTLE BREWSTER ISLAND

The following bench marks have been referred to the Boston
standard datums, through the primary tide station at Common-
wealth Pier No. 5, by simultaneous water levels covering the period
June 9 to July 21, 1921; the references to the local mean low water
are based upon the relations established through the several series

of observations at Boston Light:

Bench mark 1 (established in 1860) is the center of a circle cut on top of a
ledge of stone and marked thus "C O S." It is about 340 feet westerly from
the lighthouse and 15 feet southeast of the southeast corner of a boathouse
(new in 1899). Elevation, 20.77 feet above sea-level datum; 25.64 feet above
Boston low-water datum; 25.30 feet above local mean low water.
Bench mark 3 (established by United States Engineers) is the center of a

cross cut on a granite post on the western mound of the island. It bears the
U. S. E.

inscription . Elevation, 20.60 feet above sea-level datum; 25.47 feet above
1885

Boston low-water datum; 25.13 feet above local mean low water.
Bench mark 4 (established in 1899) is the top of an eyebolt, without a ring,

which is set in the rock westerly from bench mark 3 and is 15 feet north of the
northeast corner of the boathouse. Elevation, 15.22 feet above sea-level datum;
20.09 feet above Boston low-water datum; 19.75 feet above local mean low
water.

Bench mark 5 (established in 1899) is the top of an eyebolt, containing a large
ring, which is set in a rock near and northerly from bench mark 4. Elevation,
13.69 feet above sea-level datum; 18.56 feet above Boston low-water datum;
18.22 feet above local mean low water.
Bench mark 8 (established in 1916) is a standard Coast and Geodetic Survey

bench mark set vertically in ledge in front of keeper's house and near it. Eleva-
tion, 21.05 feet above sea-level datum; 25.92 feet above Boston low-water
datum; 25.58 feet above local mean low water.
Bench mark 9 (established in 1926) is a standard Coast and Geodetic Survey

bench mark cemented in the rock 20 feet from the keeper's house toward the
lighthouse. It is stamped "9/1926." Elevation, 18.64 feet above sea-level

datum; 23.51 feet above Boston low-water datum; 23.17 feet above local mean
low water.

Bench mark 10 (established in 1926) is a standard Coast and Geodetic Survey
bench mark cemented into the rock on the point making out northwest from the
keeper's house. It is stamped "10/1926." Elevation, 11.44 feet above sea-

level datum; 16.31 feet above Boston law-water datum; 15.97 feet above local

mean low water.

LOVELLS ISLAND

The following bench mark is referred to the mean low water as

adopted by the United States Engineers; the mean low water, as

derived from the very short series of observations in 1912 by the Coast



44 U. S. COAST AND GEODETIC SURVEY

and Geodetic Survey, is 0.26 foot higher, but on account of the short-
ness of this series the result is not conclusive:

Bench mark 1 (established by United States Engineers) is the top of a bronze
bolt in the concrete in the yard of the Engineer reservation at Lovells Island.
It was later reported that a pipe with screw cap had been set over the bench
mark to prevent its being disturbed. Elevation, 16.82 feet above United States
Engineers low water.

GEORGES ISLAND

The following bench marks are referred to the mean low water
as adopted by United States Engineers:

Bench mark 3 (established by United States Engineers) consists of a lead
plug in a large stone on the south side of the sea wall, 36.7 feet from the angle in
the wall and 1.25 feet from the outer face of the same. Elevation, 13.49 feet
above United States Engineers low water.
Bench mark 5a (established in 1916) is the top of an iron bolt 66.9 feet north

from the southwest corner of the sea wall and 4.15 feet from face of same. Ele-
vation, 12.93 feet above United States Engineers low water.
Bench mark 6 (established in 1906) is top of large fiat stone alongside of an

iron bolt on west sea wall. It is 33.1 feet north from southwest corner of the
wall and 1 foot from the face of same. Elevation, 12.84 feet above United
States Engineers low water.
Bench mark 6a (established in 1916) is the top of bolt described under bench

mark 6. Elevation, 12.90 feet above United States Engineers low water.
Bench mark 7 (established in 1916) is a standard Coast and Geodetic Survey

bench mark set horizontally in the southeast corner of the red brick building at
inner end of wharf at Fort Warren. Elevation, 15.25 feet above United States
Engineers low water.

CHELSEA CREEK ENTRANCE

The following bench marks are referred to the Boston standard
datums through the primary tide station at Commonwealth Pier
No. 5, by a comparison of simultaneous tides consisting of 13 high
waters and 14 low waters observed during the period July 24 to July
31, 1926:

Bench mark 1 (established in 1926) is a Coast and Geodetic Survey standard
disk, stamped "1/1926," set on top of the west abutment of highway bridge, 2
feet south of south edge of bridge. Elevation, 12.76 feet above sea-level datum;
17.63 feet above Boston low-water datum.
Bench mark 2 (established in 1926) is a Coast and Geodetic Survey standard

disk, stamped "2/1926," set on top of the west abutment of highway bridge, 2
feet north of north edge of bridge. Elevation, 12.89 feet above sea-level datum;
17.76 feet above Boston low-water datum.
Bench mark 3 (established in 1926) is a Coast and Geodetic Survey standard

disk, stamped "3/1926," set on top of east abutment of highway bridge, 18
inches south of south edge of bridge. Elevation, 12.84 feet above sea-level datum;
17.71 feet above Boston low-water datum.

BOSTON (CHARLESTOWN)

The following bench marks are referred directly to the Boston
standard datums by spirit-leveling connections:

Bench mark 1, which has been used since the year 1846, is the top of the granite
wall at the entrance to the United States Navy Dry Dock No. 1 at Charlestown.
The point taken is directly over the inlaid bronze scale at the southerly corner
and outside the floating gate of the dock. Originally there was apparently no
special identification mark, but in 1916 a reference was made to a rectangle cut
in the stone. Elevation, 9.820 feet above sea-level datum; 14.69 feet above
Boston low-water datum.
Bench mark 2 (established in 1867 by A. C. Mitchell), often designated as the

"new bench mark," is top of facing of United States Navy Dry Dock No. 1 at
Charlestown, on the west side and near the head directly over the foot of the
long steps. The place is indicated by an arrow cut in the side of the stone.
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This bench mark has also been designated as " Navy Yard B. M. 1," but it should
be distinguished from the original bench mark 1 described above. Elevation,
9.455 feet above sea-level datum; 14.33 feet above Boston low-water datum.
Bench mark 3 (established in 1916 by N. H. Heck) is a standard Coast and

Geodetic Survey brass disk set horizontally in the granite block at the head of
United States Navy Dry Dock No. 2 at Charlestown. Elevation 8.957 feet

above sea-level datum; 13.83 feet above Boston low-water datum.
Navy-yard bench mark 8 is at the head of Dry Dock No. 2 in the Charlestown

Navy Yard in the top of the masonry about 1 foot north of bench mark No. 3.

A chiseled square. Elevation, 9.485 feet above sea-level datum; 14.35 feet above
Boston low-water datum.
Navy-yard bench mark 10 is north of the tennis courts in the Chailestown Navy

Yard, in the pier supporting a column on the southeast side of an octagonal
building. A chiseled square. Elevation, 13.307 feet above sea-level datum;
18.18 feet above Boston low-water datum.
Navy-yard bench mark IS is in the Charlestown Navy Yard, at the corner of

Second Avenue and Thirteenth Street, in the top of the lower course of masonry
at the southwest corner of building 75. A chiseled square. Elevation, 10.945
feet above sea-level datum; 15.81 feet above Boston low-water datum.

Navy-yard bench mark 19 is in the Charlestown Navy Yard, at the corner of

Fifth Avenue and Sixteenth Street, in the top of the lower course of stone at the
northeast corner of building 77. A chiseled square. Elevation, 12.979 feet

above sea-level datum; 17.85 feet above Boston low-water datum.
Bench mark " Waverly House" is a Boston city bench mark on the right outer

corner, facing the building, of the second stone step at the entrance to Waverly
House on the City Square. A point on the step. Elevation, 18.140 feet above
sea-level datum; 23.01 feet above Boston low-water datum.

Bench mark F2, near Charlestown, is vertically in the center of the west side

of the fourth pier from the eastern or Charlestown end of the "Prison Point
Bridge," which is a viaduct carrying Prison Point Street over the railroad tracks
and connecting East Cambridge and Charlestown. A brass disk. Elevation,
11.575 feet above sea-level datum; 16.44 feet above Boston low-water datum.

BOSTON (CENTRAL PORTION)

The following bench marks are referred directly to the Boston
standard datums by spirit-leveling connections:

Bench mark "Post Office" is a Weather Bureau benchmark on the post-office

building at the corner of Milk Street and Post Office Square, in the corner stone
at the southeast corner, 1 foot above the sidewalk. Bench mark is a chiseled

square. Elevation, 14.587 feet above sea-level datum; 19.46 feet above Boston
low-water datum.
Bench mark "83 South Street" (established by Boston city engineers) is a

Boston city bench mark on the lower iron step at 83 South Street. The left

outer corner of the step, facing the building. Elevation, 12.785 feet above sea-
level datum; 17.66 feet above Boston low-water datum.

Bench mark J2 (established in 1923 by E. B. Roberts) is a Coast and Geodetic
Survey standard disk 306 feet south of the south end of the train shed at the
Southern Union Station, 213 feet south of signal bridge No. 1; 63 feet north of

signal bridge No. 5; 4}/^ feet east of an easterly approach track; in the top of

the stone coping at the south end of the iron railing. Elevation, 19.308 feet

above sea-level datum; 24.18 feet above Boston low-water datum.
Bench mark "B. & A. mileage 0.40" is on the northwest corner of the end

capstone of the retaining wall at mileage 0.40 on the Boston & Albany Railroad
and also on the New York, New Haven & Hartford Railroad, south of the tracks
of the latter railroad. A chiseled square. Elevation, 12.123 feet above sea-

level datum; 16.99 feet above Boston low-water datum.
Bench mark "B. & A. mileage 0.61" is on the northeast corner of the central

pier of the Boston & Albany Railroad bridge No. 3 at mileage 0.61. A chiseled

square. Elevation, 1.542 feet above sea-level datum; 6.41 feet above Boston
low-water datum.
Bench mark H2 (B. & A. mileage 1.19) is set horizontally in the footing at

the south end of the east center pier of the Boston & Albany Railroad bridge at

mileage 1.19, which is the second overhead bridge south of the Trinity Place
depot of the Boston & Albany Railroad. A brass disk. Elevation, 1.371 feet

above sea-level datum; 6.24 feet above Boston low-water datum.

81772—28 4
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Bench mark "B. & A. mileage 1.35" is at mileage 1.35 on the Boston & Albany

Railroad, on the northwest corner of the lower stone step at the baggage-room

door of the Huntington Avenue depot. A chiseled square. Elevation, 4.521

feet above sea-level datum; 9.39 feet above Boston low-water datum.
Bench mark "B. & A. mileage 2.41" is on the northwest corner of the south-

west pier of the Boston & Albany Railroad signal bridge just east of bridge No.

16 at mileage 2.41. A chiseled square. Elevation, 11.417 feet above sea-level

datum; 16.29 feet above Boston low-water datum.
Bench mark G2 (B. & A. mileage 3.13) is at the east end of the center support

of Cottage Farm bridge No. 18 carrying Commonwealth Avenue over the Boston

& Albany Railroad tracks at mileage 3.13, in the east face of the support, 2H feet

above the ground. A brass disk. Elevation, 11.001 feet above sea-level datum;
15.87 feet above Boston low-water datum.
Bench mark "Van Orden Cottage Farm" (B. & A. mileage 3.13) is at th

east end of the foundation of the north abutment of Cottage Farm bridge No. 18

carrying Commonwealth Avenue over the Boston & Albany Railroad tracks at

mileage 3.13. A chiseled square. Elevation, 10.075 feet above sea-level datum
14.94 feet above Boston low-water datum.
Bench mark "Boston & Albany Cottage Farm" (B. & A. mileage 3.13) is on

the west wing, south abutment, of Cottage Farm bridge No. 18 carrying Com-
monwealth Avenue over the Boston & Albany Railroad tracks at mileage 3.13,

in the northwest corner of the lower coping stone. A chiseled square. Eleva-

tion, 12.497 feet above sea-level datum; 17.37 feet above Boston low-water

datum.
Bench mark "Cottage Farm, Boston City" (B. & A. mileage 3.13) is in line

with the north curb of Commonwealth Avenue and southwest of the Boston &
Albany Railroad tracks, near the northwest end of the top of the abutment of

Cottage Farm bridge No. 18 carrying Commonwealth Avenue over the railroad

at mileage 3.13. A point on the bridge abutment. Elevation, 27.802 feet above
sea-level datum; 32.67 feet above Boston low-water datum.

SOUTH BOSTON

The following bench marks are referred directly to the Boston
standard datums by spirit-leveling connections:

Bench mark 6 (established in 1921) is a Coast and Geodetic Survey standard
disk cemented in window siU of fifth window on northerly side of shore end of

Commonwealth Pier No. 5, opposite tide staff. Stamped "6/1921." Elevation,

15.15 feet above sea-level datum; 20.02 feet above Boston low-water datum.
Bench mark 7 (established in 1922) is a Coast and Geodetic Survey standard

disk cemented in upper surface of water table on side of heating plant opposite

Commonwealth Pier No. 5, stamped "7/1922." This has been adopted as the

primary bench mark for the tidal series at Commonwealth Pier No. 5. Elevation,

13.304 feet above sea-level datum; 18.17 feet above Boston low-water datum.
Bench mark 8 (established in 1922) is a Coast and Geodetic Survey standard

disk, stamped "8/1922," cemented in stone retaining wall opposite stairway
leading down from Summer Street to C Street, and is on ledge just above first

landing about 7 feet below the top of wall. Elevation, 24.813 feet above sea-level

datum; 29.68 feet above Boston low-water datum.
Bench mark "481 Summer Street" (established by Boston city engineers) is

the outer right-hand corner of granite doorstep, when facing building, of No. 481
Summer Street. Elevation, 21.519 feet above sea-level datum; 26.39 feet above
Boston low-water datum.
Bench mark 20, or "dry dock" (established by Commonwealth of Massachu-

setts), is the top of brass cap on iron rod, 2 inches in diameter, which has its foot

in bedrock and extends upward through the concrete backing of the southern
wall of the Navy Dry Dock No. 3 in South Boston, nearly to the surface, and is

inclosed in a 4-inch iron pipe. A cast-iron cover laears the inscription "Bench
Mark—Do not Disturb." This bench mark was established by the Common-
wealth of Massachusetts and is maintained by the Navy Department. Elevation,

10.272 feet above sea-level datum; 15.14 feet above Boston low-water datum.
Bench mark 9 (established in 1922) is a Coast and Geodetic Survey standard

disk, stamped "9/1922," set in water table on the F Street side of No. 416 West
Broadway, under third window, 51J^ feet from front of building. In 1922
building was occupied by P. F. Carey Furniture Co. Elevation, 47.480 feet above
sea-level datum; 52.35 feet above Boston low-water datum.
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Bench mark 10 (established in 1922) is a Coast and Geodetic Survev standard
•disk, stamped "10/1922" set in water table about 2 inches above sidewalk on
F Street side of No. 423 West Broadway, 45.6 feet from front of building. In
1922 building was occupied by F. W. Woolworth Co. store. Elevation, 44.675
feet above sea-level datum; 49.55 feet above Boston low-water datum.

Bench mark "481 West Broadway" (established by Boston city engineers) is

a Boston city bench mark, on the right buttress of the stone stairway at No. 481
West Broadway. The right outer corner of the buttress, facing the building.

Elevation, 59.15 feet above sea-level datum; 64.02 feet above Boston low-water
datum.
Bench mark "82 G Street" (established by Boston city engineers) is a Boston

city bench mark on the right buttress, facing the building, at the side of the

stairway at No. 82 G Street. The lower outer corner of the buttress. Elevation,

104.183 feet above sea-level datum; 109.05 feet above Boston low-water datum.
Bench mark 11 (estabhshed in 1922) is a Coast and Geodetic Survey standard

disk, stamped "11/1922," set in north end of fifth marble step inside iron gate

and back of north gatepost at entrance to Washington Monument in Thomas
Park, Dorchester Heights, South Boston. Elevation, 143.884 feet above sea-

level datum; 148.75 feet above Boston low-water datum.
Bench mark 12 (established in 1922) is a Coast and Geodetic Survey standard

disk, stamped " 12/1922," set in top of step at right of doorway on entering build-

ing at north entrance to South Boston High School. Elevation, 111.578 feet

above sea-level datum; 116.45 feet above Boston low-water datum.

CAMBRIDGE

The following bench marks are referred directly to the Boston
standard datums by spirit-leveling connections

:

Bench mark E2, at East Cambridge, Middlesex County, about 600 feet north

of the Boston & Maine Railroad depot, in the top of the footing at the east end
the north abutment of the bridge carrying the Southern Division over the Fitch-

burg Division, 4 feet east of the east rail and 2 feet above the Fitchburg Division

track level. A brass disk. Elevation, 9.16 feet above sea-level datum; 14.03

feet above Boston low-water datum.
Bench mark "Massachusetts Institute of Technology" is in the basement of

the Massachusetts Institute of Technology, in the floor in front of the door to room
3-019, in the concrete cap on a pile driven into the ground and covered by an
iron plate in the floor. A brass plug in the concrete cap. Elevation, 5.203 feet

above sea-level datum; 10.07 feet above Boston low-water datum.
Bench mark " Cambridge City" is in the top at the west end of the north abut-

ment of Harvard Bridge carrying Massachusetts Avenue over the Charles River,

at the street level and on the Charles River Road, 2 feet from the railings on the

bridge. A brass plug. Elevation, 14.951 feet above sea-level datum; 19.82

feet above Boston low-water datum. •

BROOKLINE

The following bench marks are referred directly to the Boston
standard datums by spirit-leveling connections:

Bench mark Q2 is about 300 feet west of the west end of the Boston and Albany
Railroad depot at Brookhne, 5 feet south of the south rail, in the center of the

south abutment of the Boston & Albany Railroad bridge No. 1.56, 3 feet above
the ground. A brass disk. Elevation, 17.743 feet above sea-level datum; 22.61

feet above Boston low-water datum.
Bench mark "Van Orden St. Marys Street" is at the east end of the north

abutment of St. Marys Street Bridge over the Boston & Albany Railroad tracks,

in the top of the second stone. A chiseled square. Elevation, 11.706 feet above
sea-level datum; 16.58 feet above Boston low-water datum.

NEPONSET RIVER RAILROAD BRIDGE

The following bench marks are referred to the Boston standard

datums through the primary tide station at Commonwealth Pier No.
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5, by a comparison of simultaneous tides consisting of 13 high waters
and 11 low waters observed during the period July 14 to July 22, 1926:

Bench mark 1 (established in 1926) is a Coast and Geodetic Survey standard
disk, stamped ''1/1926," cemented in drill hole flush with the horizontal top
surface of the stone bridge pier at the southerly side of the railroad bridge lift

span. The mark is about 1 foot from the bridge span on its easterly side. Ele-

vation, 9.14 feet above sea-level datum; 14.01 feet above Boston low-water datum.
Bench mark 2 (^established in 1926) is a Coast and Geodetic Survey standard

disk, stamped "2,1926," cemented in driU hole flush ^ith the horizontal top
surface in the next stone pier to the south of bench mark 1. Elevation, 9.06

feet above sea-level datum; 13.93 feet above Boston low-water datum.
Bench mark 3 (.established in 1926) is a Coast and Geodetic Survey standard

disk, stamped '"3 1926," cemented in drill hole flush v^ith the horizontal top
surface of stone bridge pier on the southerly side of the railroad bridge, just north
of that in which bench mark 1 is located. Elevation, 8.49 feet above sea-level,

datum; 13.36 feet above Boston low-water datum.

NUT ISLAND

The following bench marks are referred to the Boston standard
datums through the primary tide station at Commonwealth Pier No.
5, by a comparison of simultaneous tides consisting of 89 high waters
and 88 low waters observed during the period June 9 to July 27, 1926:

Bench mark 1 '.established by the city of Boston) is a stone monument on the
westerly side of Xut Island and reported to be easily found. Elevation, 24.55
feet above sea-level datum; 29. -42 feet above Boston low-water datum.

Bench mark 2 (established in 1916) is a Coast and Geodetic Survey standard
disk set in northeast corner of granite foundation of sewer pumping station.

Elevation, 27.11 feet above sea-level datum; 31.98 feet above Boston low-water
datum.
Bench mark 3 established in 1916) is a 1^2-inch brass bolt set vertically in

granite block of retaining wall just north of shore end of coal pier. Elevation,
18.88 feet above sea-level datum; 23.75 feet above Boston low-water datum.
Bench mark 4 (.established in 1926) is a Coast and Geodetic Survey standard

disk, stamped "4, 1926," cemented in a drill hole in the concrete coping of a sewer
manhole about 40 yards northwest from the shore end of the pier. Elevation,
22.03 feet above sea-level datum; 26.90 feet above Boston low-water datum.
Bench mark 5 (.estabhshed in 1926) is a Coast and Geodetic Survey standard

disk, stamped "5, 1926," cemented on top of a granite block on the upper sea wall
about 50 yards south from the boathouse. Elevation, 14.37 feet above sea-level

datum; 19.24 feet above Boston low-water datum.
•

WEYMOUTH FORE RIVER BRIDGE

The following bench marks are referred to the Boston standard
datums through the primary tide station at Commonwealth Pier

Xo. 5, by a comparison of simultaneous tides consisting of 14 high
waters and 14 low waters observed during the period June 17 ta
July 14, 1926:

Bench mark 1 (established in 1926) is a Coast and Geodetic Survey standard
disk, stamped "1/1926," set flush with the concrete surface of the stair platform,
on its southeast corner south of brick building of Edison coaling plant. Eleva-
tion, 10.68 feet above sea-level datum; 15.55 feet above Boston low-water datum.

Bench mark 2 (estabUshed in 1926) is a Coast and Geodetic Survey standard
disk, stamped "2/1926," set flush with the surface of the concrete wharf near
the southwest corner, just south of the concrete mooring bitt block. Elevation,
9.77 feet above sea-level datum; 14.64 feet above Boston low-water datum.
Bench mark 3 (established in 1926) is a Coast and Geodetic Survey standard

disk, stamped "3/1926," set flush with the surface of the concrete-fence top
that makes out from the extreme easterly side of the wharf running normal to
the road. Elevation, 14.40 feet above sea-level datum; 19.27 feet above Bostoa
low-water datum.
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CROW POINT, HINGHAM HARBOR ENTRANCE

The foUowing bench marks are referred to the Boston standard
"datums through the primary tide station at Commonwealth Pier
No. 5, by a comparison of simultaneous tides consisting of 37 high
waters and 36 low waters observed during the period June 19 to

July 8, 1926:

Bench mark 1 (established in 1926) is a Coast and Geodetic Survey standard
disk, stamped "1/1926," cemented in a drill hole on top of stone sea wall north-
west from dock and about halfway between dock entrance and shore. Elevation,
9.44 feet above sea-level datum; 14.31 feet above Boston low-water datum.
Bench mark 2 (estabhshed in 1926) is a Coast and Geodetic Survey standard

disk, stamped "2/1926," cemented in a drill hole on top of stone sea wall on
main shore line about 20 feet south of dock entrance at a turn in the wall. Eleva-
tion, 9.00 feet above sea level datum; 13. S7 feet above Boston low-water datum.

Bench mark 3 (established in 1926; is a Coast and Geodetic Survey standard
disk, stamped "3/1926, " cemented in a drill hole on top of stone sea wall on main
shore Une about 100 yards northwest of dock entrance at a sudden bend in the
shore Une. Elevation, 9.33 feet above sea-level datum; 14.20 feet above Boston
low-water datum.

TABLES

The following tables give the results which have been obtained
from the observational data discussed in the preceding pages. Ex-
planations of the terms used will be found in the text. A list of the

tables follows:
Page

1. Mean lunitidal intervals and duration of rise of tide, Boston Xavv
Yard 50

2. Mean high and low water on original tide scale, Boston Navy Yard.. 50
3. Mean high and low water referred to sea-level datum, Boston ^^avv

Yard 51
4. Mean range of tide, Boston Navy Yard 51
5. Monthlv extreme high water above sea-level datum, Boston Xavv

Yard 52
6. Monthly extreme low water below sea-level datvmi, Boston Navy

Yard 54
7. Mean tide level on original tide scale, Boston Xavy Y'ard 56
S. Mean tide level referred to sea-level datum, Boston Xavy Y'ard 56
9. High-water lunitidal interval, Commonwealth Pier Xo. 5 56

10. Low-water lunitidal interval. Commonwealth Pier Xo. 5 57
11. Duration of rise of tide, Commonwealth Pier Xo. 5 57
12. Mean high water on tide staff, Commonwealth Pier Xo. 5 57
13. Mean high water above sea-level datum. Commonwealth Pier Xo. 5-. 58
14. Mean low water on tide staff. Commonwealth Pier Xo. 5 o8
15. Mean low water below sea-level datum, Commonwealth Pier Xo. 5-. 58
16. Mean range of tide, Commonwealth Pier Xo. 5 59
17. Mean range corrected for longitude of moon's node. Commonwealth

Pier Xo. 5 59
IS. Monthlv extreme high water above sea-level datum. Commonwealth

PierXo. 5 60
19. Monthlv extreme low water below sea-level datum. Commonwealth

Pier"Xo. 5 60
20. Mean tide level on tide staff. Commonwealth Pier Xo. 5. 61
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Table 1.

—

Mean lunitidal intervals and duration of rise of tide, Boston Navy Yard

Year
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Table 3.

—

Mean high and low water referred to sea-level datum, Boston Navy Yard



52 U. S. COAST AND GEODETIC SURVEY

Table 5.

—

Monthly extreme high water above sea-level datum, Boston Navy Yard

Date
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Table 5.

—

Monthly extreme high water above sea-level datum, Boston Navy Yard-
Continued

Date
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Table 6,

—

Monthly extreme low water below sea-level datum, Boston Navy Yard

1847:

June 13

July 29
Aug. 28
Sept. 24, 27.
Oct. 23
Nov. 22
Dec. 21

Lowest..
Average.

Jan. 9, 20...
Feb. 11

Mar. 6
Apr. 4
May 5
Junes, 4
July 2
Aug. 16
Sept. 14, 15-
Oct. 14
Nov. 11

Dec. 9, 11...

Lowest..
Average

-

Height

Fea
6.6
7.0
7.4
6.6
7.5
7.5
6.7

7.5
7.04

6.2
7.9
7.8
7.1
6.6
6.6
6.6
6.4
7.0
7.5
7.3

1849:
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Table 6.

—

Monthly extreme low water below sea-level datum, Boston Navy Yard-
Continued

1867:

Aug. 31.
Sept. 1..

Oct. 17-
Nov. 15.

Dec. 13..

Height

Lowest..
Average.

Jan. 9
Feb. 10
Mar. 9
Apr. 6
May 25 '.

June 25
July 22
Aug. 19, 20.

Sept. 17

Oct. 17
Nov. 12
Dec. 30

Lowest
Average

Jan. 29
Feb. 27
Mar. 27, 29.

Apr. 26
May 27
June 24
July 12, 13..

Aug. 9, 10...

Sept. 7

Oct. 5

Nov. 3

Dec. 1

7.8
6.9
6.4
7.1
7.0

7.8
7.04

Lowest.

Jan. 1

Feb. 17

Mar. 20
Apr. 17

May 16

June 14, 15..

July 11 ,

Aug. 28
Sept. 26, 27.

Oct. 25
Nov. 24
Dec. 22

Lowest-.
Average.

1871:

Jan. 22
Feb. 11--..
Mar. 9, 11..

Apr. 7

Mays
June 3
July 3

Aug. 2,3...
Sept. 1

Oct. 15
Nov. 12....

Dec. 12

Lowest..
Average.

1872:

Jan. 12
Feb. 8
Mar. 24....
Apr. 25, 28.
May 24
June 22, 23.
July 21, 23.
Aug. 20
Sept. 17....

Oct. 25, 27..

Nov. 17, 21.

Dec. 29, 30.

Lowest
Average...

1873:

Jan. 30..

Feb. 26
Mar. 27
Apr. 28
May 26, 27...
June 13
July 13
Aug. 10
Sept. 7

Oct. 7

Nov. 3,4
Dec. 3

Height

Lowest
Average

1874:

Jan. 18
Feb. 18,19....
Mar. 21

Apr. 19

May 15, 16, 17.

June 14

July 31

Aug. 28,29....
Sept. 27
Oct. 26-

Nov. 24
Dec. 25

6.4
6.6
7.0
6.8
6.8
7.0
7.0
7.2
6.3
6.4
6.4
7.3

7.3
6.77

7.6
7.0
7.5
6.9
6.3
6.5
7.1
7.2
7.3
6.8
7.4
7.3

7.6
7.08

Lowest
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Table 7.

—

Mean tide level on original tide scale, Boston Navy Yard

Year
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Table 10.

—

Low-water lunitidal interval, Commonwealth Pier No. 5

Month
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Table 13.

—

Mean high water above sea-level datum, Commonwealth Pier No. 6
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Table 16.

—

Mean range of tide, Commonwealth Pier No. B

Month
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Table 18.

—

Monthly extreme high wafer above sea-level datum, Commonwealth
Pier No. 5

Date
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Table 20.

—

Mean tide level on tide staff, Coynmonwealth Pier No. 5

Month
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Table 23.

—

Mean sea level referred to sea-level datum, Commonwealth Pier No. b

Month
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Table 26.

—

Summary of ranges and inequalities, Boston Navy Yard and Common-
wealth Pier No. 5

Mean range
Spring range
Neap range -

Perigean range
Apogean range
Great diurnal range -.-

Small diurnal range
Great tropic range
Small tropic range...
Average monthly extreme range
Greatest range
Diurnal high-water inequality
Diurnal low-water inequality... r

Spring tide level below mean tide level

Neap tide level above mean tide Ivel..

Mean tide level below mean sea level..

Navy yard
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Table 28.

—

Tidal harmonic constants, Boston Navy Yard and Commonwealth Pier
No. 5
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Table 29.—Tidal data, Boston Harbor, 1847-1926

Sta-
tion
No.
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Table 29.—Tidal data, Boston Harbor, 1847-1926—Continued

Sta-
tion
No.

Observations
Lunitidal
intervals

Railroad bridge, Ne-
ponset River (42° 17'

N., 71° 02' W.)
Moon Head (42° 19'

N., 70° 59' W.)
Boston Harbor, Southern

Shore:

r Nut Island (42° 17' N.,
L

70° 57' W.)

Sheep Island, Hing-
hamBay(42°17'N.,
70° 55' W.)

f
Weymouth Fore Riv-

er Bridge (42° 15' N.,
[

70° 58' W.)
Weymouth Back Riv-

er Bridge (42° 15' N.
70° 56' W.)

Crow Point, Hingham
Harbor Entrance
(42° 16' N., 70° 54'

W.)
Hingham, Hingham
Harbor (42° 15' N.,
70° 53' W.)

Strawberry Hill, Hing-
ham Bay (42° 17' N.,
70° 53' W.)

Year Length HWI LWI

Boston Harbor, Western
Shore—Continued.
Commonwealth Pier [1922

No. 5 (42° 21' N., 71°
{ to

03' W.) [1926

Castle Island (42° 20' (1892

N., 71° or W.) ,11894

1926

(1915

n916
1926

i8 days.
12 days.

6 days-

3 months.
6 months.
IJ

4 days

2 days
7 days

1 day.

20 days

1 day

3 days

11.56
11.49
11.37

11.30
11.51

11.41

11.35

11.33

Hours
5.04

5.17
5.21

5.42
5.26
5.17

5.05

5.23

Dura-
tion of

rise

Hours
6.25

6.20

6.20

6.14
6.23
6.20

6.15
6.18

6.05

6.13

6.30

6.10

Feet
9.42

9.41
9.59

9.51

9.14

9.21

9.51

8.40

9.40

9.52

Compared with—

Sandy Hook, N. J.

Fort Hamilton, N.
Y.

Commonwealth
Pier No. 5.

Fort Hamilton, N.
Y.

Portland, Me.
Do.

Commonwealth
Pier No. 5.

Fort Hamilton, N.
Y.

Do.
Commonwealth

Pier No. 5.

Fort Hamilton, N.
Y.

Commonwealth
Pier No. 5.

. 82 Fort Hamilton, N.
Y.

For reference to the observations listed in this table, see p. l^
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Table 30.

—

Adjusted tidal data, Boston Harbor

Sta-
tion
No.

Broad Sound: Hours
Nahant. 11.25
Lynn Harbor _ 11.40

Boston Harbor entrance:
Boston Light, Nantasket Roads... 11.22
Lovells Island, The Narrows.. 11.22
Georges Island, Nantasket Roads.. 11.22
Rainsford Island, Nantasket Roads 11.23

Northern shore:
Deer Island, Shirley Gut _ 11.30
Point Shirley Wharf 11.37
Chelsea Creek entrance 11.57

Boston Inner Harbor:
Charles River Bridge... _ 11.46

Warren Bridge, Charles River... 11.46

Craigies Bridgs (Charles River Dam) 11.50
Navy yard, Charlestown 11.44

Chelsea Bridge, Mystic River 11.45
Middlesex Avenue Bridge, Mystic River... 11. 59

Medford Bridge, Mystic River.. 11.79
Western shore:

Dover Street Bridge, Fort Point Channel 11.34

Railroad bridge. South Bay I 11.39
Commonwealth Pier No. 5

|

11. 29

Castle Island 11.24

Railroad bridge, Neponset River ! 11.26

Moon Head i 11.24

Southern shore:
I

Nut Island.. ...J 11.37

Sheep Island, Hingham Bay
1

11.40

Weymouth Fore River Bridge i
11.51

Weymouth Back River Bridge 11.50
Crow Point, Hingham Harbor entrance

I
11.41

Hingham, Hingham Harboi* i
11.45

Strawberry Hill, Hingham Bay ..! 11.40

Lunitidal
intervals

Hours
5.00
5.10

5.01
5.02
5.02
5.03

5.10
5.20
5.28

5.26
5.26
5.30
5.23
5.48
5.73
6.00

5.13
5.29
5.04
5.04
5.06
5.04

5.17
5.20
5.33
5.35
5.28
5.30
5.25

Range of tide

Note.—Tidal influences extend up the several rivers tributary to Boston Harbor as follows:

Chelsea River, 3 miles to a dam at Slade's Spice Mill.

Mystic River, 5 miles to a dam at Cradock Bridge, Medford.
Maiden River, 2 miles above its confluence with the Mystic River to a point beyond the Charles Street

Bridge.
Charles River, 1 mile to the Charles River Dam.
Neponset River, 4 miles to a dam at Milton Lower Mills.

Weymouth Fore River, 6 miles to a dam at East Braintree.

Weymouth Back River, 4 miles to the highway bridge at East Weymouth.
For reference to above table, see p. 18.
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Table 35.

—

Current harmonic constants, stations Wl, W16, W37

Component
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Table 37.

—

Set of nontidal current, Boston Light Vessel

Observations Sept. 22-Dec. 26, 1913

North East (mag- Tjp,,,]tonf
(magnetic) netic) com- -"esuJtani

component ponent

1913
September i

October...
November
December i

Series 1913

I

Knot
0.00
-.05
.05

Knot
0.04
-.01
.01

velocity
Direction Direction
(magnetic) (true)

Knot
0.04
.05
.05
.04
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Table 39.

—

Current harmonic constants, Boston Light Vessel

[From 221-day series, June 9, 1926-Jan. 15, 1927]

Component
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Table 41.

—

Condensed current data for selected localities

[Time differences refer to currents off Deer Island Light in President Roads Entrance]

Boston Light Vessel
Nahant (off East Point)
Ljran Harbor Entrance
North Channel (off Great
Faun)

Hypocrite Channel
Nantasket Roads Entrance .

Black Rock Channel
The Narrows (off Georges I.)

The Narrows (off Gallups I.)

Between Gallups I. and
Georges I

Between Gallups I. and
Nixes Mate.

Nubble Channel
President Roads Entrance

(off Deer I. Light).
Shirley Gut
Off Winthrop (1 mile south).
Governors I. Channel (en-

trance.)
Main ship channel (off

Castle I.).

Fort Point Channel En-
trance.

Between Boston and E.
Boston.

Off Navy Yard, Boston
Chelsea River Entrance
Mystic River Entrance
Between Long I. and Spec-

tacle L
Between Spectacle I. and
Castle I.

Between Spectacle I. and
Thompson I.

Between Thompson I. and
Castle I.

Between Thompson I. and
Moon Head.

Dorchester Bay (off Thim-
ble I.).

Neponset River (N. Y., N.
H. & H. R. R. bridge).

Between Moon Head and
Long I.

Between Long I. and Rains-
ford I.

Nantasket Roads (off
Georges I.).

Nantasket Roads (off Rains-
ford L).

Nantasket Gut
Between Peddocks I. and
Nut I.

Hingham Bay (off Bumkin
L).

Weymouth Fore River En-
trance.

Weymouth Fore River
(Quincy Pt. Bridge).

Weymouth Back River
(drawbridge).

Lati-
tude

42 20
42 25
42 25

42 21
42 21
42 19

42 19

42 19

42 20

42 19

42 20

42 20
42 20

42 21
42 22
42 21

42 20

42 21

42 22

42 22
42 23
42 23
42 19

42 20

42 19

42 19

42 18

42 18

42 17

42 19

42 19

42 19

42 18

42 18
42 17

42 16

42 16

42 15

42 IS

Longi-
tude

70 45
70 55
70 57

70 56
70 54

70 53
70 55
70 56
70 56

70 57
70 57

70 68
70 59

70 59

71 01

71 03

71 03

71 03
71 02
71 03
70 58

71 00

71 00

71 00

71 00

71 02

71 02

70 59

70 58

70 55

70 57

70 56
70 57

70 54

70 56

70 58

70 56

Time
differ-

ence

H. TO.

-0 25
-0 25
-0 10

00
-0 35
-0 15
-0 20
-0 30

(')

-0 45
-0 45

-1 00
-0 15

+0 05

Strength of

Inter- Direc-
val tion

H. m.
8 15

8 20
8 15

8 30
7 50
8 15

8 20
7 55

6 05

7 35
8 25

8 55
8 50

8 20
7 45
8 45

8 50

8 50

8 50

9 00
9 10

9 10

8 35

8 15

5 40

8 15

7 45

8 15

7 50

5 40

8 25

8 45

9 00

7 55
8 45

8 10

8 25

8 05

Flood
velocity

Knots
0.1

.7

.4

1.4
1.2
1.5
1.2
1.2
.4

Ebb
velocity

Knots
0.1
.6
.5

1.6
1.0
1.5
1.2
1.2
1.0

Current stations

Light vessel.

D30, W53.
W54.

W50.
W49.
Wl.
M17, D41.
W13, M13, D44.
D46.

M14, W12.
M19.

M20, W14.
W16.

W27, M22.
W28.
W26.

W30, D7, W33.

W35.

W37.

W44, W46.
W47.
W48.
W18.

Dll, W21, W22.

W20.

W23.

W19.

W24.

W25.

Wll.

WIO.

MIO, D51.

D48, D49, W9.

W2, D52.
W3.

W5.

W4.

W7.

1 Current irregular between Gallups Island and Lovell Island. See p.

For reference to Table 41, see p. 27.
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Table 42.

—

Temperature and density of sea water, Boston Navy Yard, 1863

18fi3

February
March
April.
May
June
July
August
September
October..
November
December

Means and extremes

Temperature, °C. Density at 15° C.

Mean Warmest Coldest Mean
|
Heaviest

1
Lightest

10.fi

17.8
19.4
22.8
22.8
19.4

15.0
8.9
5.0

1.9

6.9
9.4
15.0
15.0
12.8
8.6
5.6

-1.1

1. 0201
1. 0173

1.0224
1. 0215

1. 0236
1.0224
1.0215
1. 0242
1. 0251
1. 0227
1. 0235
1. 0223
1. 0221
1. 0207

1. 0251

1.0163
1. 0127
1.0123
1.0133
1. 0197
1.0143
1.0168
1.0181
1.0182
1. 0132
1. 0168

.0123

For reference to above table, see p. 28.

Table 43.

—

Temperature and density of sea water, Commonwealth Pier No. 5,
1921-1926

Month
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Table 43.

—

Temperature and density of sea water. Commonwealth Pier No. 5,
1921-1926~Qoni\n\x(id

Temperature, °C.

Mean Warmest Coldest

Density at 15° C.

Lightest

January
February..
March
April
May
June
July
August
September.
October
November.
December..

Means and extremes .

January
February..
March
April
May
June
July-
.\ugust
September.
October
November.
December..

Means s

January
February..
March
.\pril

May
June
July
-August
September.
October
November.
December..

Means and extremes.

2.1
6.1
9.5
13.9
16.6
17.3
15.8
11.8
8.1
2.6

-1.0
1.1

3.5
7.7
10.8
15.8
17.2
19.2
17.3
11.0
7.0
3.7

14.0
17.7
19.6
16.8
12.8
8.5

3.5
.5

4.5
8.8
11.0
18.8
18.8
20.0
19.0
15.0
11.5

-0.5
-1.0

.5
3.2
8.2
10.0
14.5
15.2
12.8
9.8
5.2
-.5

1.0213
1. 0220
1.0211
1. 0197
1. 0201
1.0218
1. 0224
1. 0223
1. 0212
1. 0223
1. 0227
1. 0229

.0216

-.2
2.7
6.0
10.0
12.5
18.5
19.2
21.2
20.5
14.2
8.5
6.5

21.2

-1.8
-1.2
1.0
6.5
8.8
13.5
15.2
17.8
14.2
7.5
4.2

1. 0229
1. 0214
1.0208
1. 0207
1. 0220
1. 0225
1. 0230
1. 0229
1. 0228
1. 0231
1. 0227
1. 0217

1. 0222

7.0
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 1926
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 19S6—Contd.
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 1926—Contd.

Station No.
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 1926—Contd.

Station No.
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 1926—Contd.

Station No.
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Table 44.

—

Temperature and density of sea water, Boston Harbor, 1926—Contd.

station No.



APPENDIX
GENERAL CHARACTERISTICS OF TIDES AND CURRENTS

[Reprinted from United States Coast and Geodetic Survey Special Publication No. Ill]

I. TIDES, GENERAL CHARACTERISTICS

DEFINITIONS

The tide is the name given to the alternate rising and falling of the level of

the sea which at most places occurs twice daily. The striking feature of the
tide is its intimate relation to the movement of the moon. High water and low
water at any given place foUow the moon's meridian passage by a very nearly
constant interval, and since the moon in its apparent movement around the
earth crosses a given meridian, on the average, 50 minutes later each day, the
tide at most places likewise comes later each day by 50 minutes, on the average.
The tidal day, like the lunar day, therefore, has an average length of 24 hours
and 50 minutes.

With respect to the tide, the "moon's meridian passage" has a special signifi-

cance. It refers not only to the instant when the moon is directly above the
meridian, but also to the instant when the moon is directly below the meridian,
or 180° distant in longitude. In this sense there are two meridian passages in a
tidal day, and they are distinguished by being referred to as the upper and lower
meridian passages or upper and lower transits.

The interval between the moon's meridian passage (upper or lower) and the
following high water is known as the "high-water lunitidal interval," Likewise
the interval between the moon's meridian passage and the following low water
is known as the "low-water lunitidal interval." For short they are called,

respectively, high-water interval and low-water interval and abbreviated as
foUows: HWI and LWI.

In its rising and falling the tide is accompanied by a horizontal forward and
backward movement of the water, called the tidal current. The two move-
ments—the vertical rise and fall of the tide and the horizontal forward and
backward movement of the tidal current—are intimately related, forming parts

of the same phenomenon brought about by the tidal forces of sun and moon.
It is necessary, however, to distinguish clearly between tide and tidal current,

for the relation between them is not a simple one nor is it everywhere the same.
At one place a strong current may accompany a tide having a very moderate
rise and faU while at another place a like rise and fall may be accompanied by
a very weak current. Furthermore, the time relations between current and tide

vary widely from place to place. For the sake of clearness, therefore, tide

should be used to designate the vertical movement of the water and tidal current
the horizontal movement.

It is convenient to have a single term to designate the whole phenomenon
which includes tides and tidal currents. Unfortunately no such distinct term
exists. For years, however, "the tide" or "the tides," or even "flood and ebb,"
have been used in this general sense, and usually no confusion arises from this

usage, since the context indicates the sense intended; but the use of the term
"tide" to denote the horizontal movement of the water is confusing and is to be
discouraged.

With respect to the rise and faU of the water due to the tide, high water and
low water have precise meanings. They refer not so much to the height of the
water as to the phase of the tide. High water is the maximum height reached
by each rising tide and low water the minimum height reached by each falling

tide.

It is important to note that it is not the absolute height of the water which
is in question, for it is not at all infrequent at many places to have the low water
of one day higher than the high water of another day. Whatever the height
of the water, when the rise of the tide ceases and the fall is to begin, the tide is

at high water; and when the fall of the tide ceases and the rise is to begin, the
tide is at low water. The abbreviations HW and LW are frequently used to

designate high and low water, respectively.
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In its rising and falling the tide does not move at a uniform rate. From
low water the tide begins rising, very slowly at first, but at a constantly increas-
ing rate for about three hours, when the rate of rise is a maximum. The rise

then continues at a constantly decreasing rate for the following three hours,
when high water is reached and the rise ceases. The falling tide behaves in a
similar manner, the rate of fall being least immediately after high water, but
increasing constantly for about three hours, when it is at a maximum, and
then decreasing for a period of three hours till low water is reached.
The rate of rise and fall and other characteristics of the tide may best be

studied by representing the rise and fall graphically. This may be done by
reading the height of the tide at regular intervals on a fixed vertical staff gradu-
ated to feet and tenths and plotting these heights to a suitable scale on cross-
section paper and drawing a smooth curve through these points. A more con-
venient method is to make use of an automatic tide gauge by means of which
the rise and fall of the tide is recorded on a sheet of paper as a continuous curve
drawn to a suitable scale. Figure A shows a tide curve for Foit Hamilton,
N. Y., for July 4, 1922.

In Figure A the figures from to 24, increasing from left to right, represent
the hours of the day beginning with midnight. Numbering the hours con«
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The mathematical development of these forces shows that the tide-producing
force of a heavenly body varies directly as its mass and inversely as the cube
of its distance from the "earth. The sun has a mass about 26,000,000 times as
great as that of the moon; but it is 389 times as far aw^ay from the earth. Its
tide-producing force is therefore to that of the moon as 26,000,000 is to (389)^
or somewhat less than one-half.
When the relative motions of the earth, moon, and sun are introduced into the

equations of the tide-producing forces, it is found that the tide-producing forces
of both sun and moon group themselves into three classes: (a) Those having a
period of approximately half a day, known as the semidiurnal forces; (b) those
having a period of approximately one day, known as diurnal forces; (c) those
having a period of half a month or more, known as long-period forces.
The distribution of the tidal forces over the earth takes place in a regular

manner, varying with the latitude. But the response of the various seas to
these forces is very profoundly modified by terrestrial features. As a result
we find the tides, as they actually occur, differing markedly at various places,
but apparently with no regard to latitude.
The principal tide-producing forces are the semidiurnal forces. These forces

go through two conjplete cycles in a tidal day, and it is because of the pre-
dominance of these semidaily forces that there are at most places two complete
tidal cycles, and therefore two high and two low waters in a tidal day.

VARIATIONS IN RANGE

The range of the tide at any given place is not constant but varies from day
to day; indeed, it is exceptional to find consecutive ranges equal. Obviously
changing meteorological conditions will find reflection in variations of range,
but the principal variations are due to astronomic causes, being brought about
by variations in the position of the moon relative to earth and sun.

At times of new moon and full moon the tidal forces of moon and sun are
acting in the same direction. High water then rises higher and low water falls

lower than usual, so that the range of the tide at such times is greater than
the average. The tides at such times are called "spring tides," and the range
of the tide is then known as the "spring range."
When the moon is in its first and third quarters, the tidal forces of sun and

moon are opposed and the tide does not rise as high nor fall as low as the
average. At such times the tides are called "neap tides," and the range of
the tide then is known as the "neap range."

It is to be noted, however, that at most places there is a lag of a day or two
between the occurrence of spring or neap tides and the corresponding phases
of the moon; that is, spring tides do not occur on the days of full and new moon,
but a day or two later. Likewise neap tides follow the moon's first and third
quarters after an interval of a day or two. This lag in the response of the tide
is known as the "age of phase inequality" or "phase age" and is generally
ascribed to the effects of friction.

The varying distance of the moon from the earth likewise affects the range of
the tide. In its movement around the earth the moon describes an ellipse in a
period of approximately 27J^ days. When the moon is in perigee, or nearest the
earth, its tide-producing power is increased, resulting in an increased rise and
fall of the tide. These tides are known as "perigean tides," and the range at
such times is called the "perigean range." When the moon is farthest from the
earth, its tide-producing power is diminished, the tides at such times exhibiting
a decreased rise and fall. These tides are called "apogean tides" and the
corresponding range the "apogean range."

In the response to the moon's change in position from perigee to apogee, it is

found that, like the responses in the case of spring and neap tides, there is a
lag in the occurrence of perigean and apogean tides. The greatest rise and
fall does not come on the day when the moon is in perigee, but a day or two
later. Likewise, the least rise and fall does not occur on the day of the moon's
apogee, but a day or two later. This interval varies somewhat from place to
place, and in some regions it may have a negative value. This lag is known
as the "age of parallax inequality" or "parallax age."
The moon does not move in the plane of the Equator but in an orbit making

an angle with that plane of approximately 23J/^°. Daring the month, there-
fore, the moon's declination is constantly changing, and this change in the posi-
tion of the moon produces a variation in the consecutive ranges of the tide.

When the moon is on or close to the Equator—^that is, when its declination is

small—consecutive ranges do not differ much, morning and afternoon tides be-
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ing very much alike. As the declination increases the difference in consecutive
ranges increases, morning and afternoon tides beginning to show decided
differences, and at the times of the moon's maximum semimonthly declination
these differences are very nearly at a maximum. But like the response to
changes in the moon's phase and parallax, there is a lag in the response to
the change in declination, this lag being known as the "age of diurnal inequality "

or "diurnal age." Like the phase and parallax ages, the diurnal age varies

from place to place, being generally about one day, but in some places it may
have a negative value.
When the moon is on or close to the Equator and the difference between

morning and afternoon tides small, the tides are known as "equatorial tides".
At the times of the moon's maximum semimonthly declination, when the differ-

ences between morning and afternoon tides are at a maximum, the tides are
called "tropic tides," since the moon is then near one of the Tropics.
The three variations in the range of the tide noted above are exhibited by the

tide the world over, but not everywhere to the same degree. In many regions
the variation from neaps to springs is the principal variation; in certain regions
it is the variation from apogee to perigee that is the principal variation; and
in other regions it is the variation from equatorial to tropic tides that is the
predominant variation.

The month of the moon's phases (the synodical month) is approximately

29H days in length; the month of the moon's distance (the anomalistic month)
is approximately 27J^ days in length; the month of the moon's declination (the

tropic month) is approximately 27J^ days in length. It follows, therefore, that
very consideralbe variation in the range of the tide occurs during a year due
to the changing relations of the three variations to each other.

DIURNAL INEQUALITY

The difference between morning and afternoon tides due to the declination of

the moon is known as diurnal inequality, and where the diurnal inequality is

considerable the rise and fall of the tide is affected to a very marked degree both
in time and in height. Figure B represents graphically the differences in the
tide at San Francisco on October 18 and 24, 1922. On the former date the moon
was over the Equator, while on the latter date the moon was at its maximum
south declination for the month. The upper diagram thus represents the equa-
torial tide for San Francisco, while the lower diagram represents the tropic tide.

It will be noted that on October 18 the morning and afternoon tides show very
close resemblance. In both cases the rise from low water to high water and the
fall from high water to low water took place in approximately six hours. The
heights to which the two high waters attained were very nearly the same, and
likewise the depressions of the two low waters.
On October 24, when the moon attained its extreme declination for the fort-

night, tropic tides occurred. The characteristics of the rise and fall of the tide

on that day differ markedly from those on the 18th, when the equatorial tides

occurred, these differences pertaining both to the time and the height. Instead
of approximately equal duration of rise and of fall of six hours, both morning
and afternoon, as was the case on the 18th, we now have the morning rise occupy-
ing less time than the afternoon rise and the morning fall more time than the
evening fall. Even more striking are the differences in extent of rise and fall of

morning and afternoon tides. The tide curve shows that there was a difference
of a foot in the two high waters of the 24th and a difference of almost 3 feet in

the low waters.
Definite names have been given to each of the two high and two low waters

of a tidal day. Of the high waters, the higher is called the "higher high water"
and the lower the "lower high water." Likewise, of the two low waters of any
tidal day the lower is called "lower low water" and the higher "higher low water."
The diurnal inequality may be related directly to the ratio of the tides brought

about, respectively, by the diurnal and semidiurnal tide-producing forces. Those
bodies of water which offer relativelj' little response to the diurnal forces will

exhibit but little diurnal inequality, while those bodies which oflFer relatively
considerable response to these diurnal forces will exhibit considerable diurnal
inequality. On the Atlantic coast of the United States there is relatively little

diurnal inequality, while on the Pacific coast there is considerable inequality.
It is obvious that with increasing diurnal inequality the lower high water and

higher low water tend to become equal and merge. When this occurs there is

but one high and one low water in a tidal day instead of two. This occurs
frequently at Galveston, Tex., and at a number of other places.
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TYPES OF TIDE

From place to place the characteristics of the rise and fall of the tide generally
differ in one or more respects; but according to the predominating features the
various kinds of tide may be grouped under three types, namely, semidiurnal,
diurnal, and mixed. Instead of semidiurnal and diurnal the terms "semidaily"
and "daily" are frequently used.
The semidiurnal type of tide is one in which two high and two low waters occur

each tidal day with but little diurnal inequality; that is, morning and afternoon
tides resemble each other closely. Figure A may be taken as representing this

type of tide, and this is the type found on the Atlantic coast of the United States.

In the diurnal type of tide but one high and one low water occur in a tidal day.
Do-Son, French Indo-China, may be cited as a place where the tide is always of

Fig. B.—Tide curves, San Francisco, Calif., October 18 and 24, 1922

the daily type, but it is to be noted that there are not many such places. When
the moon's declination is zero the diurnal tidal forces tend to vanish, and there
are generally two high and two low waters during the day at such times. Gal-
veston, Tex., and Manila, P. I., may be mentioned as ports at which the tide is

frequently diurnal, while St. Michael, Alaska, may be cited as a port at which
the tide is largely diurnal.
The mixed type of tide is one in which two high and two low waters occur

during the tidal day but which exhibits marked diurnal inequahty. Several
forms may occur under this type. In one form the diurnal inequality is exhib-
ited principally by the high waters; in another form it is the low waters which
exhibit the greater inequality; or the diurnal inequality may be features of both
high waters and low waters.

It is to be noted that when the tide' at any given place is assigned to any
particular type, it refers to the characteristics of the predominating tide at that
place. At the time of the moon's inaximum semimonthly declination the semi-
diurnal type exhibits more or less diurnal inequality and thus approaches the
mixed type; and when the moon is on or near the Equator the diurnal inequality
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of the mixed type is at a minimum, the tide at such times resembling the semi-

diurnal type. It is the characteristics of the predominating tide that determine
the type of tide at any given place. With the aid of harmonic constants the type
of tide may be defined by definite ratios of the semidiurnal to the diurnal

constituents.
Type of tide is intimately associated with diurnal inequality and hence depends

on the relation of the semidiurnal to the diurnal tides; and it is the variation in

this relation that makes possible the various forms of the mixed type of tide.

HARMONIC CONSTANTS

Since the tide is periodic in character, it may be regarded as the resultant of

a number of simple harmonic movements. In other words, if h be the height of

the tide, reckoned from sea level, then for any time t, we may write h=A cos

lat+ a)4-B cos {bt+l3)+ ... In the above formula each term represents

a constituent of the tide which is defined by its amplitude or semirange. A, B,

etc., by an angular speed, a, b, etc., and by an angle of constant value, a, /3, etc.,

which determines the relation of time of maximum height to the time of begin-

ning of observation.
We may also regard the matter from another viewpoint and suppose the moon

and sun as tide-producing bodies to be replaced by a number of hypothetical

tide-producing bodies, each of which moves around the earth in the plane of the

Equator in a circular orbit with the earth as center. With the further assump-
tion that each of these hypothetical tide-producing bodies gives rise to a simple

tide, the high water of which occurs a certain number of hours after its upper
meridian passage and the low water the same number of hours after its lower

meridian passage, the oscillation produced by each of these simple tides may be
written in the form h= A cos (at+ a) as above. The great advantage of so

regarding the tide is that it permits the complicated movements of sun and
moon relative to the earth to be replaced by a number of simple movements.
Each of the simple tides into which the tide of nature is resolved is called a

component tide, or simply a component. The amplitudes or semiranges of the

component tides, together with the angles which determine the relation of the

high water of each of these component tides to some definite time origin and
which are known as the epochs, constitute the harmonic constants.

The periods of revolution of the hypothetical tidal bodies or the speeds of the

various component tides are computed from astronomical data and depend only

on the relative movements of sun, moon, and earth. These periods being inde-

pendent of local conditions are therefore the same for all places on the surface

of the earth; what remains to be determined for the various simple constituent

tides is their epochs and amplitudes which vary from place to place according

to the type, time, and range of the tide. The mathematical process by which
these epochs and amplitudes are disentangled from tidal observations is known
as the harmonic analysis.

The number of simple constituent tides is theoretically large, but most of

them are of such small magnitude that they may for all practical purposes be
disregarded. In the prediction of tides it is necessary to take account of 20 to

30, but the characteristics of the tide at any place may be determined easily

from the 5 principal ones.
It is obvious that the principal lunar tidal component will be one which gives

two high and two low waters in a tidal day of 24 hours and 50 minutes, or more
2X 360°

exactly in 24.84 hours. Its speed per solar hour, therefore, is
04 84

=^^°-^^'

This component has been given the symbol M2. Likewise, the principal solar

tidal component is one that gives two high and two low waters in a solar day of

2X360°
24 hours. Its angular speed per hour is therefore —04—=30°. 00. The symbol

for this principal solar component is S2.

Since the moon's distance from the earth is not constant, being less than the

average at perigee and greater at apogee, the period from one perigee to another
being on the average 27.55 days, we must introduce another hypothetical tidal

body, so that at perigee its high water will correspond with the M2 high water,

and at apogee its low water will correspond with the M2 high water. In other
words, the tidal component which is to take account of the moon's perigean

movement must, in a period of 13.78 days, lose 180° on M2, or at the rate of

^^y^=13°.0Q per day. Its hourly speed, therefore, is 28°.98- '^^=28°.44.

This component has been given the symbol N2.
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The moon's change in decHnation is taken account of by two components
denoted by the symbols Ki and Oi. The speeds of these are'determined by the
following considerations: The average period from one maximum declination to
another is a half tropic month, or 13.66 days. The speeds of these two compo-
nents should, therefore, be such that when the moon is at its maximum declina-
tion they shall both be at a maximum, and when the moon is on the Equator they
shall neutralize each other; that is, in a period of 13.66 days Ki shall gain on Oi

360°
one full revolution. The difference in their hourly speeds, therefore, is ^. ^„ „„

= 1°.098. The mean of the speeds of these two components must be that of

the apparent diurnal movement of the moon about the earth, or x . ^^ . =14°.49.

The speeds are therefore derived from the equations ^-^--=14°.49 and Ki — Oj

= 1°.09S, from which K, = 15°.04 and Oi = 13°.94.

It is customary to designate the amplitude of any component by the symbol of

the component and the epoch by the symbol with a degree mark added. Thus
M2 stands for the amplitude of the M2 tide and M2° for the epoch of this tide.

The five components enumerated above are the principal ones. Between 20 and
30 components permit the prediction of the time and height of the tide at any-

given place with considerable precision.

From the harmonic constants the characteristics of the tide at any place can
be very readily determined. 1 The five principal constants alone permit the ap-
proximate determination of the tidal characteristics very easily. Thus, approxi-
mately, the mean range is 2M2, spring range 2(M2+ S2), neap range 2(M2— S2),
perigean range 2(M2+ N2), apogean range 2(M2— N2), diurnal inequality at time

TV /r o

of tropic tides 2(Ki+ 0i), high-water lunitidal interval 90 qo- The various ages

of the tide can likewise be readilv determined. Approximately, the ages in hours
are: Phase age, 82° — Mz"; parallax age, 2(M2° — N2°); diurnal age, Ki° — Oi°.
The type of tide, too, may be determined from the harmonic constants through

the ratio .} ,
g' - Where this ratio is less than 0.25, the tide is of the semi-

M2+b2
diurnal type; where the ratio is between 0.25 and 1.25, the tide is of the mixed
type; and where the ratio is over 1.25, the tide is of the diurnal type.

The periods of the various component tides, like the periods of the tide-produc-
ing forces, group themselves into three classes. The tides in the first class have
periods of approximately half a day and are known as semidiurnal tides; the
periods of the tides in the second class are approximately one day, and these
tides are known as diurnal tides; the tides in the third class have periods of

half a month or more and are known as long-period tides. In shallow waters,
due to the effects of decreased depth, the tides are modified and another class

of simple tides is introduced having periods of less than half a day, and these
are known as shallow-water tides.

The class to which any component tide belongs is generally indicated by the
subscript used in the notation for the component tides, the subscript giving the
number of periods in a day. With long-period tides generally no subscript is

used; with semidiurnal tides the subscript is 2; with diurnal tides the subscript
is 1, and with shallow-water tides the subscript is 3, 4, or more. Thus Sa repre-

sents a solar annual component. Pi a solar diurnal component, M2 a lunar semi-
diurnal component, S4 a solar shallow-water component with a period of one-
quarter of a day, and Mg a lunar shallow-water component with a period of

one-sixth of a dav.
TIDAL DATUM PLANES

Tidal planes of reference form the basis of all rational datum planes used
in practical or scientific work. The advantage of the datum plane based on tidal

determination lies not only in simplicity of definition, but also in the fact that
it may be recovered at any time, even though all bench-mark connections be
lost.

The principal tidal plane is that of mean sea level, which miy be defined as
the plane about which the tide oscillates, or as the surface the sea would assume
when undisturbed by the rise and fall of the tide. At any given place this

plane may be determined by deriving the mean height of the tide. This is

1 See R. A. Harris, Manual of Tides, Pt. Ill (U. S. Coast and Geodetic Survey Report for 1894,

Appendix 7).
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perhaps best done by adding the hourly heights of the tide over a period of a
year or more and deriving the mean hourly height. It is to be noted that in
such a determination the mean sea level is not freed from the effects of prevailing
wind, atmospheric pressure, and other meteorological conditions.

The plane of mean sea level must be carefully distinguished from the plane
of half-tide level or, as it is frequently called, mean-tide level. This latter
plane is one determined as the half sum of the high and low waters. It is therefore
the plane that lies halfway between the planes of mean low water and mean high
water. The plane of half-tide level does not, at most places on the open coast,
differ by more than about a tenth of a foot from the plane of mean sea level, and
where this difference is known the plane of mean sea level may be determined
from that of half-tide level. Like all of the tidal planes, the plane of half-tide
level should be determined by observations covering a period of a year or more.

For many purposes the plane of mean low water is important. This plane
at any given place is determined as the average of all the low waters during a
period of a year or more. Where the diurnal inequality in the low waters is

small, as on the Atlantic coast of the United States, this plane is frequently
spoken of as the "low-water plane" or "the plane of low water"; but strictly

it should be called the plane of mean low water.
Where the tides exhibit considerable diurnal inequality in the low waters,

as on the Pacific coast of the United States, the lower low waters may fall con-
siderably below the plane of mean low water. In such places the plane of mean
ower low water is preferable for most purposes. This plane is determined as
the average of all the lower low waters over a period of a year or more. Where
the tide is frequently diurnal, the single low water of the day is taken as the
lower low water.
The plane of mean high water is determined as the average of all the high

waters over a period of a j^ear or more. Where the diurnal inequality in the high
waters is small, this plane is frequently spoken of as "the plane of high water"
or "the high-water plane." This usage may on occasion lead to confusion, and
the denomination of this plane as the plane of mean high water is therefore
preferable.

In localities of considerable diurnal inequality in the high waters the higher
high waters frequently rise considerably above the plane of mean high water.
A higher plane is therefore of importance for many purposes, and the plane of

higher high water is preferred. This plane is determined as the average of all

the higher high waters for a period of a year or more. Where the tide is fre-

quently diurnal, the single high water of the day is taken as the higher high water.
The tidal planes described above are the principal ones and the ones most

generally used. Other planes, however, are sometimes used. Where a very low
plane is desired, the plane of mean spring low water is sometimes used, its name
indicating that it is determined as the mean of the low waters occurring at spring
tides. Another plane sometimes used, which is of interest because based on
harmonic constants, is known as the harmonic tide plane and for any given place
is determined as M2+ S2+ K1+ O1 below mean sea level,

MEAN VALUES

Since the rise and fall of the tide varies from day to day, chiefly in accordance
with the changing positions of sun and moon relative to the earth, any tidal

quantities determined directly from a short series of tidal observations must be
corrected to a mean value. The principal variations are those connected with
the moon's phase, parallax, and declination, the periods of which are approxi-
mately 29H days, 273^ days, and 27^ days, respectively.

In a period of 29 days, therefore, the phase variation will have almost com-
pleted a full cycle while the other variations will have gone through a full cycle
and but very little more. Hence, for tidal quantities varying largely with the
phase variation, tidal observations covering 29 days, or multiples, constitute a
satisfactory period for determining these quantities. Such are the lunitidal

intervals, the mean range, mean high water, and mean low water. For quantities
varying largely with the declination of the moon, as, for example, higher high
water and lower low water, 27 days, or multiples, constitute the more satisfactory
period.

As will be seen in the detailed discussion of the tides at Fort Hamilton, the
values determined from two different 29-day or 27-day periods may differ very
considerably. This is di e to the fact that these periods are not exact synodic
perioc's for the different variations, and to the further fact that variations having
periods greater than a month are not taken into account. Furthermore, meteoro-



106 U. S. COAST AND GEODETIC SURVEY

logical conditions, which change from month to month, leave their impress
on the tides. For accurate results the direct determination of the tidal datum
planes and other tidal quantities should be based on a series of observations that
cover a period of a year or preferably three years. Values derived from shorter
series must be corrected to a mean value.
Two methods may be employed for correcting the results of short series to a

mean value. One method makes use of tabular values, determined both from
theory and observation, for correcting for the different variations. The other
method makes use of direct comparison with simultaneous observations at some
near-by port for which mean values have been determined from a series of

considerable length.

II. 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 movement of the tidal current
and the vertical movement of the tide are intimately 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.

Knots

zar

FiG. C—Velocity and direction curves for the current, Hudson Eiver, July 22, 1922

It is the periodicity of the tidal current that chiefly distinguishes it from other
kinds of currents, 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 tempera-
ture. 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 currents experienced at any point being the resultant of the
two classes of currents. In some places tidal currents predominate and in others
nontidal currents predominate. Tidal currents generally attain considerable
velocity in narrow entrances to bays, in constricted parts of rivers, and in pas-
sages 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.
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RECTILINEAR TIDAL CURRENTS

In the entrance to a bay or river and, in general, where a restricted width
occurs, the tidal current is of the rectilinear or reversing type; that is, the flood
current runs in one direction for a period of about six 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 down-
stream. 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 C, which represents the velocity and direction of the current
as observed in the Hudson River off Fort Washington on July 22, 1922.

In Figure C the upper curve represents the velocity of the current in knots,
flood being plotted above the axis of X and ebb below the axis. The velocity
curve represents approximately the form of the cosine curve. The maximum
velocity of the flood current is called the strength of flood and the maximum ebb
velocity the strength of ebb. The knot is the unit generally used for measuring
the velocity of tidal currents and represents a velocity of 1 nautical mile per
hour. 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 lower curve of Figure C3 is the direction curve of the current, the direction
being given in degrees, north being 0°, east 90°, south 180°, and west 270°.

The directions are magnetic and represent the direction of the current as derived
from hourly observations. During the period of flood the direction curve shows
that the current was running practically in the same direction all the time,
making an abrupt shift of about 180° to the opposite direction during the period
of slack water. For the ebb period the direction curve likewise shows the cur-
rent to have been running in approximately the same direction with an abrupt
change of about 180° during slack.

ROTARY TIDAL CURRENTS
Offshore the tidal currents are generally not of the rectilinear or 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 D, which represents the
velocity and direction of the current at the beginning of each hour of the after-
noon on September 24, 1919, at Nantucket Shoals Light Vessel, 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 about 12 hours it is seen that the current has veered completely round the
compass.

It will be noted that the ends of the radii vectores, representing the velocities
and directions of the current at the beginning of each hour, define a somewhat
irregular ellipse. If a number of observations are averaged, eliminating acci-

dental 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, 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 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 o'f

the rectilinear current, a minimum velocity following a maximum velocity by
an interval of about three hours and being followed in turn by another maximum
after a further interval of three hours.

VARIATIONS IN STRENGTH OF CURRENT
Tidal currents exhibit changes in the strength of the current that correspond

closely with the changes in range exhibited by tides. The strongest currents
come with the spring tides of full and new moon and the weakest currents with
the neap tides of the moon's first and third quarters. Likewise, perigean tides
are accompanied by strong currents and apogean tides by weak currents; and when
the moon has considerable variation, the currents, like the tides, are characterized
by diurnal inequality.
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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 approxi-
mately 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^diur-

nal variation in the current. '

^

Scale o-F Knots

J I I I
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Fig. D.—Rotary current, Nantucket Shoals laght Vessel, afternoon of September 24, 1919

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 rnay be derived from
general considerations of a theoretical nature. Variations in the current that

involve semidiurnal components wiU 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.
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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 con-

stant and simple relation to the times of high and low waters. In a progressive

wave the time of slack water comes, theoretically, 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.

The progressive-wave movement and the stationary-wave movement 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; never-

theless, 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 relation between the time of current

and the time of tide is very nearly constant. This is brought out in Figure E,

which represents the tidal and current curves in New York Harbor for October

9, 1919, the current curve being the dashed-line curve, representing the velocities

Fig. E.—Tide and current curves, New York Harbor, October 9, 1919

of the current at a station in Upper Bay, 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 E 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 ordinates of the two curves approxi-

mately 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 left, while the height of the

tide reckoned from mean sea level was plotted in accordance with the scale in

feet on the right.

From Figure E it is seen that the corresponding features of the tide and current

in New York Harbor bear a very nearly constant time relation to each other,

and this constancy in time relation of tides and currents is characteristic of tidal

waters in which the diurnal inequality is small. This permits the times of slack

and of strength of current to be referred to the times of high and low water.

Thus, from Figure E we find strength of ebb occurred about 0.6 hour after the

time of low water, both morning and afternoon; slack before flood occurred 2.2

hours before high water; strength of flood 0.4 hour after high water; slack before

ebb 3.0 hours before low water. In this connection, however, it is to be noted
that the time relations between the various phases of tide and current are subject

to the disturbing effects of wind and weather.
Apart from the disturbing effect of nontidal agencies, the time relations

between tide and current are subject to variation 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, thai

81772—28 8
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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 afternoon. How-
ever, in such cases it is frequently possible to refer the current at a given place
to the tide at some other place with comparable diurnal inequality.

EFFECT OF NONTIDAL CURRENT

The tidal current is suljject to the disturbing influence of nontidal currents
which affect the regularity of its occurrence as regards time, velocity, and direc-
tion. In the case of the rectilinear current the effect of a steady nontidal current
is, in general, to make both the periods and the velocities of flood and ebb
unequal and to change the times of slack water but to leave unclianged the
times of flood and ebb strengths. This is evident from a consideration of Figure
F, which represents a simple rectilinear tidal current, the time axis of which is

the line AB, flood velocities being plotted above the line and ebb velocities
below.
When unaffected by nontidal currents, the periods of flood and ebb are, in

general, equal as represented in the diagram, and slack water occurs regularly
three hours and six minutes after the times of flood and ebb strengths. But if

we assume a steady nontidal current introduced which has, in the direction of
the tidal current, a velocity component represented by the line CD, it is evident

Fig. F.—Effect of nontidal current on tidal current

that the strength of ebb will be increased by an amount equal to CD, while the
flood strength will be decreased by the same amoimt. The current conditions
may now be completely represented by drawing, as a new axis, the line EF
parallel to ^jB and distant from it the length of CD.

Obviously, if the velocity of the nontidal current exceeds that of the tidal
current at the time of strength, the tidal current will be completely masked
and the resultant current will set at all times in the direction of the nontidal
current. Thus, if in Figure F the line OP represents the velocity component
of the nontidal current in the direction of the tidal current, the new axis for
measuring the velocity of the combined current at any time will be the line GO
and the current will be flowing at all times in the ebb direction. There will be
no slack waters; but at periods 6 hours 12 minutes apart there will occur mini-
mum and maximum velocities represented, respectively, by the lines RS and TU.

In so far as the effect of the nontidal current on the direction of the tidal cur-
rent is concerned, it is only necessary to remark that the resultant current will

set in a direction which at any time is the resultant of the tidal and nontidal
currents at that time. This resultant direction and also the resultani velocity
may be determined either graphically by the parallelogram of velocities or by
the usual trigonometric computations.

VELOCITY OF TIDAL CURRENTS AND PROGRESSION OF THE 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 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 is

many times greater than the velocity of the current.
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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 can not 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='\Jg(l in which r is the rate of advance of the tide, g the acceleration
of gravity, and d 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 is 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.

DISTANCE TRAVELED BY A PARTICLE IN A TIDAL CYCLE

In a rectillinear current the distance traveled by the water particles or by
any object floating in the water is obviously equal .to the product of the time
by the average velocity during this interval of time. To determine the average
velocity of the tidal current for any desired interval several methods may be
used.

If the curve of the tidal current has been plotted, the average velocity may
be derived as the mean of a number of measurements of the velocity made at
frequent intervals on the curve; as, for example, every 10 or 15 minutes. From
the current curve the average velocity may also be determined by deriving the
mean ordinate of the curve by use of the planimeter. For a full tidal cycle of
flood or ebb, however, since the current curve generally approximates the cosine
curve, the simplest method consists in making use of the well-known ratio of
the mean ordinate of the cosine curve to the maximum ordinate which is 2-i-w,

or 0.6366.
The latter method has another advantage in that the velocity of the tidal

current is almost invariably specified by its velocity at the time of stre^th,
which corresponds to the maximum ordinate of the cosine curve; hence, the
average velocity of the tidal current for a flood or ebb cycle is given imme-
diately as the product of the strength of the current by 0.6366. And though
this method is only approximate, since the curve of the current may deviate
more or less from the cosine curve, in general the results will be sufficiently

accurate for all practical purposes. For a normal flood or ebb period of 6.2
hours the distance a tidal current with a velocity at strength of 1 knot will

carry a floating object is, in nautical miles, 0.6366X6.2= 3.95, or 24,000 feet.

DURATION OF SLACK

In the change of direction of flow from flood to ebb, and vice versa, the 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 dis-

regarded 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 slack 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 OASSlt, in wl^ch A is the velocity of
the current in knots at time of strength, 0.4831 the angular velocity in degrees
per minute, and t is the time in minutes from the instant of zero velocity.
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Setting y=0.1 and solving for t (this value of t giving half the duration of

slack), we get for the duration of slack the following 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.

HARMONIC CONSTANTS

The 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, tidal

currents may be analyzed in a manner analagous 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 con-

stants 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 coastal or inland tidal waters the amplitudes of

the various current components are related to each other, not as the amplitudes
of the corresponding tidal components, but as these latter inultiplied by their

respective speeds; that is, in any given harbor, if we denote the various compo-
nents of the current by primes and of the tide by double primes, we have

M'j: S'2: N'2: K'l: 0'i= m2M"2: szS'^: n2N"2: fciK"i: 0iO"i

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.

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 near by. 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 approxi-

mate the corresponding 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 approxi-

mately the same as the variation in the range of the tide. Hence, the velocity

of the current from a short series of observations may be corrected to a mean
value by multiplying by a factor equal to the mean range of the tide divided by
the range for the period of 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 strength

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 hydrauhc current due to differences in head at the

ends of a strait connecting two independent tidal bodies of water. East River
and Harlem River in New York Harbor and Seymour Narrows in British Colum-
bia 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.
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PUBLICATIONS BY THE UNITED STATES COAST AND
GEODETIC SURVEY RELATING TO TIDES AND CUR-
RENTS

TIDE AND CURRENT TABLES
Price

Tide Tables, United States and Foreign Ports $0. 75
Tide Tables, Atlantic Coast, North America (reprinted from Tide Tables,

United States and Foreign Ports) . 15
Tide Tables, Pacific Coast, North America, Eastern Asia and Island
Group (reprinted from Tide Tables, United States and Foreign Ports)-. . 15

Tide Table, New York Harbor . 05
Current Tables, Atlantic Coast, North America .10
Current Tables, Pacific Coast, North America and Philippine Islands . 10
Current Diagram, Nantucket and Vineyard Sounds . 15
Current Diagram, Chesapeake Bay . 15

The tide tables contain the predicted times and heights of the tide for

each day in the year at a number of principal ports and tidal differences

and constants for many other places. The current tables give the pre-

dicted currents for each day in the year at a number of principal ports

and current differences and constants for many other stations. The
current diagrams are reproductions on an enlarged scale of similar dia-

grams contained in the current tables.

The tide and current tables are issued in advance annually and may
be purchased at the office of the United States Coast and Geodetic Survey
or from any of its agencies.

TIDAL BENCH MARKS

Special Publication No. 83 (Serial 193), Tidal Bench Marks, State of

New York, 1922 . 20
Special Publication No. 119 (Serial 320), Tidal Bench Marks, District of

Columbia, 1925 . 05
Special Publication No. 128 (Serial 370), Tidal Bench Marks, State of

Rhode Island, 1927 . 10
Special Publication No. 136. Tidal Bench Marks, State of Connecticut,

1927 . 10
Special Publication No. 141. Tidal Bench Marks, State of California,

1928 ,. 15

HARBOR PUBLICATIONS

Special Publication No. HI (Serial 285), Tides and Currents in New
York Harbor, 1925 . 30

Special Publication No. 115 (Serial 311), Tides and Currents in San
Francisco Bay, 1925 . 20

Special Publication No. 123 (Serial 336), Tides and Currents in Delaware
Bay and River, 1926 . 25

Special Publication No. 127 (Serial 364), Tides and Currents in Southeast
-Alaska, 1926 . 25
Special Publication No. 142. Tides and Currents in Boston Harbor,

1928 .30
Special Publication No. — Tides and Currents in Portsmouth Harbor (in

preparation)

.

The above harbor publications aim to give in detail the results of all the
observational data available for each harbor covered.

MISCELLANEOUS PUBLICATIONS

The Gulf Stream, by J. E. Pillsbury. Published as appendix to the Annual
Report of the United States Coast and Geodetic Survey for the year 1890.
This report is no longer available for distribution but tnay be consulted
in any of the larger libraries.

Manual of Tides, by R. A. Harris. This publication was issued in separate
parts as appendices to the Annual Reports of the United States Coast
and Geodetic Survey for the years 1894, 1897, 1900, 1904, and 1907.

These reports are no longer available for distribution but may be con-
sulted in any of the larger libraries.

Arctic Tides, 1911 . 20
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Priw

Special Publicatioif No. 23, United States Coast and Geodetic Survey.
Description of its work, methods, and organization. Includes illus-

trated sections on tides and currents. This publication can be obtained
free of charge from the office of the United States Coast and Geodetic
Survey.

Special JPublication No. 32 (Serial 16), Description of the United States
Coast and Geodetic Survey Tide-Predicting Machine No. 2, 1915 $0.20

Special Publication No. 41 (Serial 60), Use of Mean Sea Level as the
Datum for Elevations, 1917 .05

Special Publication No. 98 (Serial 244), A Manual of the Harmonic
Analysis and Prediction of Tides, 1924 ]j 00

Serial 280, Tidal and Current Surveys, Methods, Instruments, and Pur-
poses, 1924. Tills is a small pamphlet which may be obtained free of

charge from the office of the United States Coast and Geodetic Survey.
Special Publication No. 113 (Serial 300), Portable Automatic Tide Gauge,

1925 . 10
Special Publication No. 121 (Serial 330), Coastal Currents Aloiig the

Pacific Coast of the United States, 1926 . 15
Special Publication No. 124 (Serial 346), Instructions for Tidal Current

Surveys, 1926 . 15
Serial 351, Tide and Current Investigations of the Coast and Geodetic

Survev, 1926 . 15
Special Publication No. 135, Tidal Datum Planes, 1927 .30
Special Publication No. 139, Instructions for Tide Observations, 1928- . 20

Except as otherwise noted, all the above publications are for sale

by the Superintendent of Documents, Government Printing Office,

Washington, D. C, to whom remittance should be sent.
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