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PREFACE

Of datum planes that may be used as planes of reference for ele-
vations, those based on the rise and fall of the tide have the advan-
tages of simplicity of definition, accuracy of determination, and
certainty of recovery, even though all bench-mark connection be
lost. Tidal datum planes are, therefore, the basic planes of refer-
ence used in the hydrographic and geodetic work of the Coast and
Geodetic Survey. :

In the present publication two objects have been kept in mind.
It is aimed to provide a working manual for the determination of
the more important tidal datum planes and at the same time to pro-
vide a suffictent discussion of the principles involved and accuracy
attainable. Since no such discussion is elsewhere available, this
phase of the subject has been treated in detail.

A considerable body of observational material formed the basis
of the investigations here undertaken, long-continued observations
being especially important. Of these latter, however, those at hand
were limited almost without exception to the observations made by
this bureau on the coasts of the United States. It is for this rea-
son, and for the further reason that the publication is to serve
as a manual in the Coast and Geodetic Survey, that the examples
chosen are from observations on the coasts of the United States.

VI



TIDAL DATUM PLANES

By H. A. MarMER, Assistant Chief, Division of Tides and Currents, Coast and
Geodetic Survey

I. INTRODUCTORY

DEFINITIONS

A tidal datum plane is a datum plane determined from the rise and
fall of the tides. Various tidal planes may be derived, and each is
designated by a definite name, as, for example, the plane of mean
high water, the plane of half-tide level, the plane of lower low water.

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 follow
the moon’s meridian passage by a very nearly constant interval; and
since the moon in its apparent movement around the earth crosses
the meridian at any place 50 minutes later each day on the average,
the tide at most places likewise comes later each day by 50 minutes on
the average.

With respect to the tide, the “ moon’s meridian passage ” has a spe-
cial significance. 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 dis-
tinguished by being referred to as the upper and lower meridian pas-
sages 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 merid-
ian 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 follows:
HWIT and LWI.

The tide-producing forces are due to the differences in the attrac-
tion of sun and moon for the earth as a whole and for the water cov-
ering the earth. The tide-generating force of a celestial body varies
directly as its mass and inversely as the cube of its distance from
the earth. The mass of the sun 1s about 26,000,000 times as great as
that of the moon, but, because its distance from the earth is 389 times
that of the moon, its tide-producing power is to that of the moon as
26,000,000 is to (389)3, or somewhat less than half,

In its rise and fall the tide is accompanied by a horizontal forward
and backward movement of the water called the tidal current. The

1
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two movements—the vertical rising and falling 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 the two 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 fall, while at
another place a like rise and Iall may be accompanied by a very
weak current. Furthermore, the time relation between current and
tide varies 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.

With respect to the rise and fall 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 js
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 infre(&t:ent 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 about to begin, the tide is at high water,
and when the fall of the tide ceases and the rise is about to begin
the tide is at low water. The abbreviations HW and LW are fre-
quently used to designate high and low water, respectively.

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 increasing rate for about three hours, when the rate of
rise is at a maximum. The rise then continues at a constantly de-
creasing 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 maxi-
mum, and then decreasing for s period of three hours till low water
is reached. o

The rate of rise and fall and other characteristics of the tide may best
be studied by representing the rise and fall of the tide graphically.
This may be done by reading the height of the tide at regular inter-
vals on a fixed vertical staff graduated to feet and tenths and plotting
these heights to a snitable scale on cross-section paper and drawing a
smooth curve through these points. A more convenient 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 snifable scale. Figure 1 shows a tide curve for
Fort Hamilton, N. Y, for July 4, 1922.

In Figure 1 the consecutive figures from 0 to 24, increasing from
left to right, represent the hours of the day beginning with mi%night.
Numbering the hours consecutively to 24 eliminates all uncertamnty
as to whether morning or afternoon is meant and has the further
advantage of great convenience in computation. The figures on the
left, increasing upward from 2.0 to 9.0, represent the height of the
tide in feet as referred to a fixed vertical staff. The tide curve
presents the well-known form of the sine or cosine curve,



TIDAL DATUM PLANES 3

The difference in height between a high water and a preceding
or following low water 1s known as the * range of tide” or “ range.”
The average difference in the heights of high and low water at any
given place is called the mean range.

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
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F1e. 1.—Tide curve for Fort Hamilton, N, Y., July 4, 1922
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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 on 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
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describes an ellipse in a period of approximately 2714 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 time 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 response 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
1s 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 2314°.
During the month, therefore, the moon’s declination is constantly
changing, and this change in the position 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
being very much alike. As the declination increases the difference
in consecutive ranges increases, morning and afternoon tides begin-
ning 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 semi-
monthly declination, when the differences 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 re-
gions it is the variation from equatorial to tropic tides that is the
predominant variation.

The month of the moon’s phases (the synodic month) is approxi-
mately 2914 days in length; the month of the moon’s distance (the
anomalistic month) is approximately 2714 days in length; the month
of the moon’s declination (the tropic month) is approximately 2714
days in length. It follows, therefore, that very considerable varia-
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tion in the range of 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
2 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
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Fig, 2.—Tide curves, 8an ¥Francisco, Calif., October 18 and 24, 1922

south declination for the month. The upper diagram thus represents
the equatorial tide for San Francisco, while the lower diagram repre-
sents 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 fortnight, tropic tides occurred. The characteristics of the rise
and fall of the tide on that day differ markedly from those on the
18th, when equatorial tides occurred, these differences pertaining both
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to the time and the height. Instead of an approximately equal dura-
tion of rise and fall of six hours, both morning and afternoon, as
was the case on the 18th, we now have the morning rise occupying
less time than the afternoon rise, and the morning and evening falls
likewise taking place in different periods. 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 1 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 relatively little
response to the diurnal forces will exhibit but little diurnal inequality,
while those bodies which offer 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.

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 fre-
quently 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 eclosely.
Figure 1 may be taken as representive of 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 the daily type. But 1t 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. Galves-
ton, 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
inequality. Several forms may occur under this type. In one form
the diurnal inequality is exhibited principally by the high waters;
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in another form it is the low waters which exhibit the greater in-
equality; 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 a particular type, it refers to the characteristics of the predomi-
nating tide at that place. At the time of the moon’s maximum semi-
monthly declination the semidiurnal type of tide 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 in
the mixed type of tide is at a minimum, resembling the semidiurnal
type. It is the characteristics of the predominating tide that deter-
mine 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 due to the variation in this relation that makes possible the
various forms of the mixed type of tide.

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 approximately
291, days, 27145 days, and 2714 days, respectively.

In a period of 29 days, therefore, the phase variation will have
almost completed a full cycle, while the other variations will have
gone through a full cycle and but very little move. Herice, for tidal
quantities varying largely with the phase variation, tidal observa-
tions covering 29 days, or multiples, constitute a satisfactory period
for determining approximate values of 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 1n the detailed discussion of the various tidal datum
planes, the values determined from two different 29-day or 27-day
periods may differ very considerably. This is due to the fact that
these periods are not exact synodic periods for the different varia-
tions, and to the further fact that variations having periods greater
than a month are not taken into account. Furthermore, meteoro-
logical conditions, which change from month to month, leave their
impress on the tides. For accurate results, the direct determina-
tion of the tidal datum planes and other tidal quantities should be
based on a series of observations that cover a number of 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 mean values. One method makes use of tabular values,
determined both from theory and from observations, for correct-
ing for the different variations. The other method makes use of



8 U. 8. COAST AND GEODETIC SURVEY

direct comparison with simultaneous observations at some near-by
port for which mean values have been determined from a series
of considerable length.

II. TIDE OBSERVATIONS

LOCATION OF TIDE STATION

Generally the rise and fall of the tide at any given point is
characteristic of the tide over an area of greater or less extent in
its vicinity. Hence a single tide station may frequently supply
the tidal data for regions of considerable extent. In selecting -the
site for a tide station that may be representative of tidal conditions
for a wide area it is important that the location be such as to pro-
vide free communication with the sea, deep water at low tides, sufli-
cient shelter from storm waves, and comparative freedom from
freshets.

In passing over areas of shoal water the tide is affected pro-
foundly ; hence sites near the heads of tidal bays and rivers are not
suitable for a tide station that is to be representative for any con-
siderable area. In tidal rivers draining large areas the effects of
freshets or of the seasonal variation in amount of drainage waters
are’ most pronounced in the upper reaches but become less pro-
nounced further seaward. In trl)m smaller bays and bights, seiche
effects are likely to become prominent and such locations are, there-
fore, in general not suitable for a tide station that is to furnish the
data for a region of wide extent.

TIDE STAFF

The simplest means for obtaining tidal observations consists in
the use of a tide staff. This may be made from a board 5 to 6 inches
wide and 1 inch thick, graduated to feet and tenths, with the numbers
increasing upward. It should be of such length that the extreme
fluctuation of the water in the locality in which it is to be used will
be within its lowest and highest graduation, and it should be fastened
securely in a vertical position to a pile or other suitable support.

Where the surface of the water is disturbed by considerable wave
motion, it becomes difficult to read the height of the tide with any
degree of accuracy. In such cases it is of advantage to fasten a glass
tube to the face of the staff. Stock glass tubing about one-half inch
in diameter, having a wall thickness of about one thirty-secondth of
an inch and about 6 feet in length, has been found quite satisfactory.
The tubing may be secured to the face of the staff by means of spring
clips or cup hooks. The wave motion is reduced by partially closing
the submerged end of the tube by a notched cork. A floating object
introduced into the tube, such as a thin slice of cork having a diam-
eter somewhat less than that of the tube, then permits the reading
o£ thi? height of the water with ease to the nearest tenth or half tenth
of a foot.

Where the tide staff is to be used for a considerable period of time,
and therefore subject to weathering, it will be found of advantage to
cut the graduations denoting the feet and tenths into the wood and to
form the figures marking each foot from brass upholstery tacks.
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Readings on the staff should be recorded every half hour or hour,
except near the times of high and low water, when the readings
should be made every 15 minutes or even more frequently. Continu-
ous observations covering both day and night are most satisfactory
but, where this is not feasible, daylight observations over a period of
13 consecutive hours every day should be made.

BENCH MARKS

The zero of the tide staff should be connected by spirit levels with
at least three good bench marks. This will make possible the re-
placing of the tide staff at the same elevation during the progress
of the observations, should it become destroyed or should its eleva-
tion be changed by accident. The bench marks will also serve the
further purpose of preserving for future use the datum planes that
are determined from the tidal obcervations. The bench marks should

Fie. 3.—Standard tidal bench mark, U. 8. Coast and Geodetic Survey

be placed at some distance from each other so that they are all not
likely to be destroyed by a common cause. “

It is the practice of the Coast and Geodetic Survey to establish
and maintain at each tidal station not less than one standard disk
bench mark for each year of observations up to 10 years, with a
minimum of five such marks for a series of one year in length and a
minimum of three for a series less than a year. Three of these bench
marks are located within a short leveling distance of the tide staff
while the remainder are more widely distributed to insure against
loss from a common cause. Care is taken to avoid locating the bench
marks on filled-in ground.

The qualities that distinguish a good bench mark are freedom
from likelihood of change in elevation and ease of finding and
identification. Disk bench marks fulfill these requirements well.
The standard tidal bench mark of the Coast and Geodetic Survey
donsists of a brass disk about 3 inches in didmeter, with a shank
about 214 inches long for insertion into a building or other substan-
tial support, and carries the inscription shown in Figure 3.
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Permanent and substantial buildings afford the best locations for
setting the disk bench marks. The bench mark is countersunk, with
its face flush with the surface of the part of the building into which
it is set, and is securely cemented in, so that it will effectively resist
extraction, rotation, or change of elevation. If the wall of a building
is used, the bench mark should be set with its central line horizontal,
for it is the elevation of this central line that is taken as the elevation
of the bench mark. If a suitable location on a building is found
which permits the disk bench mark to be set with its face horizontal,
it is to be preferred, since this position is a more convenient one for
placing a leveling rod.

A bowlder or a ledge of rock makes a very satisfactory support
for a bench mark. A good foundation for a bench mark is also
furnished by a mass of concrete with its upper surface slightly
above the level of the ground, about 214 feet deep, 2 feet square on
the bottom, and 114 feet square on top. A satisfactory mixture for
this purpose consists of one part cement, two parts sand, and four
parts gravel or broken stone.

If standard disk bench marks are not available, a small cross cut
on a rock, building, or other structure may serve the purpose of a
bench mark. A copper bolt set into rock or into a cement block makes
a satisfactory bench mark. Water hydrants, curbstones, and nails
in growing trees, while frequently suitable for temporary use in
leveling, do not make satisfactory permanent bench marks.

The bench marks and zero of the tide stafl should be connected by
a double line of levels, the lines being run in opposite directions.
With a wye level the regulations of the Coast and Geodetic Survey
prescribe that when the forward and backward differences in the ele-
vations of two bench marks differ by more than 0.05 VK feet (K
being distance in statute miles leveled between the two bench marks),
both the forward and backward leveling between these two bench
marks are to be repeated until the difference falls within the required
limit. It is important that the leveling record and the descriptions
of the bench marks be made in such form that no ambiguity will arise
in the use of such records at future times by other persons.

For convenience in use the following table of maximum closing
error allowed in leveling between bench marks is given. It is based
on the formula given above,

TasLe 1.—Mazimum allowable errors in leveling between bench marks

Distance Maximum
between B. Ms. error allowed
(feet) (feet)

500 Or eSS o 0. 015
1,000 __ . 022
2,000 e 031
3,000 . e 038
4,000 e 044
B, 000 - e e 049

BOX GAUGE

Where conditions make readings on a plain staff difficult, a box
gauge may be used. Essentially this consists of a float that rises and
falls in a vertical box to which the tide has access. The box may be
made of 1-inch boards 12 inches wide, the bottom being all closed,
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except a hole about 1 inch in diameter through which the tide has
access and which reduces the wave motion in the float box very con-
siderably. A convenient form of float for a box gauge is a copper
cylinder about 8 inches in diameter and 3 inches high, the bottom of
which is weighted to give it steadiness in water.

Various means may be used for determining the rise and fall of
the float in a box gauge. Where the range of the tide is moderate,
a light wooden rod graduated to feet and tenths may be secured to
the top of the float and at a convenient point above the top of the
float box the rod made to pass through a metal ring secured in such
wise that the axis of the rod is vertical. The metal ring serves the
further purpose of furnishing a reference point for reading the
height of the tide. It is to be noted that it is necessary to graduate
the rod with the numbers increasing from top downward, in order
that the heights of the tide as read on the rod may be direct and not
inverted.

Where the range of the tide, or the distance from the top of the
box gauge to the surface of the water, is considerable, a graduated
steel or phosphor-bronze tape is more convenient than a rod. In
this case the lower end of the tape is attached to the float, and the
upper end is made to pass over a fixed pulley. To keep the tape in
tension, a weight is attached to its upper extremity, and, for a read-
ing point for measuring the rise and fall of the float, the tape may
‘be made to pass a metal ring fixed at a convenient distance from
the top of the float box, or a board may be fixed vertically near the
tape and a reading line marked on the board.

The relation of the zero of a box gauge to fixed bench marks on
shore may be determined in two different ways. In the first method
simultaneous readings of the box gauge and a fixed tide staff are
made and the relation of the zeros derived. The elevations of the
bench marks above the zero of the fixed tide staff are then deter-
mined in the usual way, and the relation of the zero of the box gauge
to the bench marks is then determined through the difference of the
zeros of the tide staff and box gauge. In this method care must be
taken to have the fixed tide staff near the box gauge, so that at any
instant the height of the tide is the same in the box gauge as on the
tide staff. : ,

Another method of determining the relation of the zero of the box
gauge to fixed bench marks on shore consists in determining the ele-
vations of the bench marks relative to the reading point and adding
the length of the float rod or tape from the zero graduation to the
line of flotation of the float. The first part of this operation is
accomplished in the usual manner with the spirit level. The second
part is accomplished by floating the float with rod or tape attached
1n a pan of water, care being taken to have the density of water in the
pan the same as that in the float box, and measuring the distance
between the zero of the rod or tape and the line of flotation of the
float.

AUTOMATIC TIDE GAUGES

Where the tidal observations are to cover a period of several
months, the automatic or self-recording tide gauge is the more satis-
factory. Various forms of automatic tide gauges are on the market,
some of these tracing a continuous curve and others printing the

50008—27——2
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height of the tide at regular intervals. For certain purposes the
printing gauges are preferred, but for general purposes the curve-
tracing gauges have several advantages, among which may be men-
tioned the visualizing of any breaks in the record, whether due to
stoppage or accidental change in adjustment. The curve-tracing
gauge furthermore permits the recording and studying of rapid
changes in level and of any unusual features in the rise and fall of
the tide.

The Coast and Geodetic Survey makes use of two types of auto-
matic tide gauge, a three-roller gauge at its principal tide stations
and a single-roller portable gauge at its secondary stations. These
two gauges are briefly described below.

THE THREE-ROLLER GAUGE

For a number of years the Coast and Geodetic Survey has made use
of the three-cylinder automatic tide gauge shown in Figures 4 and 5.
The essential parts of the machine consist of a clock that moves a
strip of paper forward at a uniform rate and a float that is free to
rise and fall with the tide and is so connected with a pencil that the
latter moves perpendicularly to the motion of the paper and propor-
tional to the rise and fall of the tide. The combined motion of paper
and pencil produces a continuous curve known as the tide curve, which
shows the rise and fall of the tide to a reduced scale, and from which
the height of the tide for any given instant during the period of
observations may be determined.

There are two clocks, as shown in Figure 4. Clock No. 1 in the
figure is the motor clock which turns the main cylinder (No. 4),
regulating the motion of the paper. This cylinder turns once in 12
hours and moves the paper forward at the rate of 1 inch per hour.
Clock No. 2 is the time clock, the purpose of which is to mark the
hours on the record. It is similar to an ordinary striking clock, but,
instead of striking a bell, it operates a device that trips the recording
pencil, making a short horizontal mark on the record at the beginning
of each hour.

The paper used on the machine is about 13 inches wide and is fur-
nished in rolls about 66 feet long, which is sufficient for one month
of record. The roll is placed on the supply roller (No. 3, fig. 5),
fed over the main cylinder where the tidal record is made, and is then
wound upon the receiving roller (No. 5, fig. 4). The supply and
receiving rollers have removable flanges which permit the paper roll
to be put on and taken off easily.

One end of the receiving roller is fitted with a pulley around which
is wound a cord (No. 22, fig. 4) which has a weight at its lower end.
This pulley is provided with a pawl and ratchet for winding the
weight from time to time. The action of this weight winds the tide
roll on the receiving roller, keeps the paper on this side of the
machine taut, and also assists the motor clock in turning the main
cylinder.

The float used with the tide gauge is a copper cylinder 814 inches
in diameter, 3 inches high, and weighted so as to float with about one-
third of its height above the surface of the water. It is connected
with the float pulley of the machine (No. 11, figs. 4 and 5) by a phos-
phor-bronze wire. A set of four interchangeable float pulleys, with
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circumferences of 6 inches, 9 inches, 12 inches, and 16 inches, is
provided with every machine in order to adapt it to different ranges
af tide. These pulf,eys are about 1 inch wide and have threads cut on
their surfaces to prevent the float wire, one end of which is fixed near
the edge of the pulley, from winding upon itself.

R

§

F1G. 4.—Three-roller gauge, showing arrangement of clocks

Clamped to the float pulley is another threaded pulley (No. 10,
fig. 5), known as the counterpoise pulley. This carries a wire or
card to which is attached a counterpoise weight that serves to take
up the slack in the float wire and rewind it as the float rises. Both
float pulley and counterpoise pulley are clamped to the pencil screw
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(No. 8, fig. 5), causing the latter to turn as the float wire winds on
and off the float pulley. In turning, the pencil screw moves the pencil
arm (No. 9, fig. 5) across the paper.

Besides the pencil carried in the pencil arm (No. 9, fig. 5) which
traces the tide curve, there is another pencil carried in the datum

Three-roller gauge, showing float pulley and pencil screw

5.—

Fie,

pencil holder (No. 15, fig. 5). This may be clamped in any desired
position on the datum pencil rod (No. 14, figz. 4) but is preferably
clamped near the middle of the rod. This pencil marks the datum
line 051 the record from which the height of the tide on the curve
is read.
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FLOAT WELL

The float box or float well for the automatic tide gauge should be
located where the water is several feet deep, even at the time of the
lowest tides. The box is generally made about 1 foot square on the
inside, or 1 foot in diameter if cylindrical in shape, and long enough
to reach several feet below the lowest tide. It is set and securely
fastened in a vertical position to prevent the float from scraping
against the sides as it rises and falls with the tide. A single openin
about 1 inch in diameter in the bottom of the box has been foun
most satisfactory. . An opening in the bottom, rather than in the
side of the box, has the advantage of being easily cleaned by means
of a slender gas pipe.

For a station that is to be occupied but a short time a plain square
wooden box made of 1-inch boards is sufficient. For a longer series
a wooden box made of 2-inch boards 14 inches wide and covered on
the outside with copper sheathing or yellow metal has been found
very satisfactory. In waters infested with teredos the metal sheath-
ing serves the added purpose of preventing the teredos from attack-
ing the float box. Where the float box has a considerable length,
stock wrought iron or steel pipe with a diameter of 12 inches has
been found satisfactory. As an inlet for such a pipe an inverted
conical-shaped casting with an opening 1 inch in diameter is used.
Where such a pipe is used, it is important that the inlet be cleaned
frequently, about once a month, to remove the rust scales which
collect in the bottom. For this purpose gas pipe about one-half inch
in diameter has been found suitable.

To prevent the formation of ice in the float well during freezing
weather, petroleum or kerosene oil in the well has been found satis-
factory. A column of oil in the float well 2 or 3 feet high will
probably suffice for all but arctic latitudes. In a 12-inch float tube
a column of oil 1 foot high will require about 6 gallons of oil. The
amount of oil that can be used is limited by the depth of the open-
ing in the float well, the maximum height of oil being the distance
of the opening below the lowest tide. %f a greater amount is used,
it will be lost through the opening at extreme low tides.

When the tide gauge is in operation, the observer visits the gauge
every day or every other day. He notes upon the tidal record the
correct time and the height of the tide on the staff and also the
weather conditions. The tension weight is wound up at each visit,
and the clocks are wound twice a week. The tide roll is changed
every month, preferably on the 1st of the month.

PORTABLE AUTOMATIC TIDE GAUGE

For use by hydrographic parties in the field, the Coast and Geo-
detic Survey has developed a small portable automatic tide gauge
shown in Figure 6. This gauge is 10 inches square on its base and
with its weatherproof metal cover in place is 10 inches high. It was
designed to provide a gauge which can be easily installed in remote
localities where wharves and docks are not available.

The tide curve is made on cross-section paper on a drum 7 inches
long and 19.2 inches in circumference. This drum is geared to u
clock movement within the drum so as to rotate once in 48 hours,
giving a time coordinate of 0.4 inch to the hour. The axle carrying



16 U. 8. COAST AND GEODETIC SURVEY

the float pulley carries also at one end a gear wheel which meshes
into an idler gear wheel which in turn meshes into a third gear wheel
at one end of the pencil screw. The upper and lower otg the three

ear wheels are removable, permitting various height scales for the
tide curve, and provision is made for five scales, allowing tides from
less than 6 feet up to 25 feet to be recorded on the paper.

F1c. 6.—Portable automatic gauge

Instead of employing the usual counterpoise weight for taking up
the slack of the float wire on a rising tide, the portable automatic
tide gauge is fitted with a flat spring coiled within the case of the
float-wire pulley. This spring is connected with a ratchet and pawl,
s0 that any desired tension may be put on the spring.

The float well for this portable gauge consists of a section or sec-
tions of ordinary stock 314-inch iron pipe. The base of the gauge
has a sleeve fitted with a short piece of 314-inch pipe, the lower end
of which is threaded so that it can be screwed directly on to the float



TIDAL DATUM PLANES 17

pipe. A bronze casting with an inverted
cone inside, having a 14-inch hole, 1s
screwed to the bottom of the float well
and allows free ingress and egress to the
tide. In this gauge, since it uses cross-
section paper, the recording pencil is set
to read the same as the tide staff with
which it is used. Detailed instructions for v .
the installation and operation of this tide
auge have been issued in Coast and Geo-
getic Survey Special Publication No. 113,
entitled * Portable Automatic Tide Gauge.”
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TIDE STAFF AND STAFF SUPPORT
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In connection with the automatic tide
gauge a tide staff is used, the simultaneous
readings of the tide curve and tide
staff furnishing the necessary data for re-
ferring the height of the tide on the tide
curve to the zero of the tide staff. For
long series of observations a portable staff
is preferable to a fixed staff, since a fixed
staff will need frequent renewing. The
practice of the Coast and Geodetic Survey
at its principal tidal stations is to use a
portable staff in conmnection with a fixed
staff support.

Figure 7 shows one form of staff sup-
port and tide staff. The staff support con-
sists of a plank about 114 inches thick, 6
inches wide, and about 9 feet long. On
the front face of the staff support are
fitted several sets of wooden or metallic
guides which permit the tide staff to slide
vertically along the staff support. To the
top of the staff support, as shown in Fig-
ure 7, is fitted a phosphor-bronze stop
glate. To the back of the tide staff 1s

tted a similar stop plate set at an exact
footmark. As the staff is slid through the
guides ‘the stop plate of the staff fits on
the stop plate of the staff support, as
shown in Figure 8.

The staff support is securely fastened in
a vertical position to a pile or other suit-
able object. When it is desired to obtain
a reading of the height of the tide, the
tide staff is inserted into the guides and
allowed to slide down until the two stop
plates come together. After a reading
has been obtained the staff is withdrawn | s
and put into some protected place. The -

phosphor-bronze stop plate on the staff ¢ 7'—§i§§ﬁsts:§p ort and
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support also serves as a convenient bench for the leveling rod in
connecting the tide staff with bench marks.

Where the water is infested with teredos, the staff support is
sheathed with thin sheet copper or yellow metal. In this case, instead
of wooden guides, use is made of brass castings 6 inches long, shaped
somewhat like the letter Z, which, when screwed on the staff support,
act as guides for the tide staff. To prevent the buoyancy of the
water from; floating the stop of the tide staff off the stop of the
support, various means may be used. A strip of lead fixed to the
bottom of the staff will give sufficient weight to counteract the

Fig. 8.—S8top plate of staff in place on stop plate of staff
support

buoyancy, or springs may be fitted to the sides of the staff to slide
a%amst the guides and maintain the stop of the staff against the stop
of the support by friction. In one form of staff used by the Coast
and Geodetic Survey the staff is held against the stop of the sup-
ptc())rt automatically by means of a. locking device fitted into the
stops.

In certain places, as, for example, at the ends of long piers
many feet above the surface of the sea, a tide staff can not very
well be used. In such cases a box gauge with a steel or phosphor-
bronze tape, as described under “ Box gauge ” may be used instead
of a tide staff for referring the tide curve made by an automatic
tide gauge to a fixed zero.
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III. THE TIDE RECORD

STAFF READINGS

When the tide record consists of staff readings made at intervals
during the day, it is of advantage, in preparing it for tabulation,
to plot these staff readings on cross-section paper to a suitable scale,
plotting the time along the axis of X and the height along the axis
of Y. The plotting of the staff readings permits the smoothing out
of accidental irregularities and the detection of errors, thus permit-
ting a more accurate determination of the height of the tide at any
desired time and of the times and heights of high and low water.

A convenient form of plotting staff readings consists in plotting
the tide curves for consecutive days under each other. Altogether
apart from the economy in cross-section paper, this method brings
out any unusual departures from normal conditions and aids in the
interpolation of breaks. Figure 9 shows on a reduced scale the
plottings of the tide curves for San Francisco, Calif., from June 1
to June 7, inclusive, made by plotting the hourly heights of the tide.
The height scale is shown from 10 to 11 feet for the first tide curve,
but for the others only the 10-foot line is marked.

AUTOMATIC TIDE-GAUGE RECORD

With automatic gauges employing cross-section paper the record-
ing pencil is set to give the ﬁeight referred to a tide staff. Hence
such a record is ready for tabulation as soon as taken off the gauge.
A comparison of the tide curve with the time and height notes made
by the observer will indicate whether any time and height corrections
are required. Generally no such corrections are necessary, since in
tabulating tide records 1t is customary to tabulate times to the near-
est tenth of an hour and heights to the nearest tenth of a foot,
except in regions of little range of tide, in which case heights are
tabulated to the nearest half tenth or even more closely. '

A specimen sheet (reduced to about two-fifths of its original size)
of the record made by a portable automatic gauge, showing the
observer’s time and height notes, is shown in Figure 10. This
record -was made on the Potomac River at Washington, D. C., from
November 24-29, 1924. At each visit to the gauge the observer
places the impression of the stamp above or below the curves, noting
1n the proper places the correct time and the height of the water on
the tide staff. He then indicates the exact place on the curve to
which each note refers by marking a right angle with its vertex
- on the curve and writing the date in the angle. Six days’ observa-
tions are shown on the one sheet, but no confusion arises and no
difficulty is experienced in tabulating from such a record. The
“saw teeth” or short-period oscillations seen on the record about
7 a. m. and 7 p. m. are caused by the waves produced by the arrival
and departure of a steamboat at those times.

The three-roller gauge does not employ cross-section paper. The
record is made on a roll of plain paper on which the time scale is
1 inch to the hour, each roll containing generally the record for a
calendar month. At the beginning of each hour the hour-marking
device on the gauge causes the pencil to make a short horizontal
stroke, thus indicating on the curve the beginning of the hour.
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Every day, when the observer visits the tide station, he stamps and
fills 1n the data of the note shown on Figure 11. This gives the
necessary information for marking the hours correctly and for refer-
ring the heights measured on the curve to the tide staff. The
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Fie. 9.—Tide curves, San Francisco, Cail(;f., plotted from hourly helghts of
the tide

observer reads the tide staff generally to the nearest half tenth of
a foot and indicates the place on the curve to which the time and
height note pertains by a line as shown in Figure 11, which is a
reproduction on a reduced scale of the tide-gauge record for Sitka,
Alaska, for a part of December 9, 1924.
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When the tide roll is taken off the three-roller gauge at the end
of the month, the observer affixes a label on the outside of the roll
on which he notes the name of the station, the number of the gauge,
the scale to which the record is drawn, the dates of beginning and
ending of the observations, and the kind of time used. The roll
is then ready for tabulation.

g
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Fia. 11.—S8pecimen of record made by three-roller tide gauge, Sitka, Alaska,
December 9, 1924

IV. TABULATION OF THE TIDE RECORD

HOURLY HEIGHTS AND HIGH AND LOW WATERS

A complete tabulation of a tide record comprises two sets of tabu-
lations, the first giving the hourly heights of the tide and the second
the times and heights of the high and low waters. In addition to con-
stituting a full and convenient record of the tide, these two tabula-
tions furnish the data requisite for the determination of all tidal
datum planes and the characteristic features of the tide.

A complete tabulation of the tide record is, however, required
only for primary tide stations; that is, stations at which the observa-
tions are to be used not only for the determination of local tidal
datum planes but also for correcting to a mean value short series of
observations in the general vicinity, and for other purposes in con-
nection with tidal investigations. For the determination of tidal
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datum planes at any particular place it is frequently sufficient to
tabulate only the high and low waters.

For convenience in tabulating and in filing the Coast and Geodetic
Survey makes use of printed forms 8 by 10%% inches for tabulating
the hourly heights and the high and low waters. Both sides of the
sheets are used, one sheet of high and low waters covering a month
and one sheet of hourly heights covering two weeks. Specimen
copies of these forms are shown on a reduced scale in Figures 12
and 13. The wide spacing of the days on the form for hourly
heights is brought about by the fact that these tabulated forms are
used for other purposes in connection with certain stencils which
require that particular spacing.

THE RECORD ON CROSS-SECTION PAPER

If the tide record is on cross-section paper, whether made by an
automatic tide gauge or plotted from staff readings, the tabulation
is a relatively simple matter. Generally no time corrections are neces-
sary, since corrections up to three minutes are ignored; but should
time corrections be necessary, the tabulator indicates them on the tide
curves. The height of the tide pertaining to each hour of the day
is then read from the tide curve and entered into its appropriate

lace on the hourly height form. The tabulation of the hourly

eights for each sheet of curves is completed before taking up the
tabulation of the high and low waters. A specimen page of hourly
heights of the tide for the week beginning June 10, 1920, for San
Francisco, Calif., is shown in Figure 12.

The horizontal and vertical sums shown to the right and bottom in
Figure 12 are obtained later in connection with the determination
of mean sea level. The figures in the horizontal column “ Day of
series ”’ give the sequence of each day with reference to the beginning
of the series. When a tide station is continued for a number of years,
it is most convenient to begin each series of vbservations on the 1st
of January and continue the tabulation of the hourly heights con-
secutively throughout the year. Table 2 gives the day of series, the
page, and the column corresponding to the 1st of every month and
the last day of the year for a series beginning January 1. This table
serves as a convenient check to insure against the omission or duplica-
tion of a day in the tabulation of the hourly heights of the tide.

TABLE 2~—Day of series, page, and column for hourly height tabulations
beginning January 1

l |

i Common year | Leap year
| P—
Month | Pogo | S0k D490 Month | Page | Sob | Dat
Jan. 1 1 1 1 Jan, 1 1 1 1
Feb. 1I 5 4 32 Feb, 1 5 4 32
Mar. 1 9 4 60 Mar. 1 9 5 61
Apr. 1 13 7 91 Apr. 1 14 1 92
May 1 18 2 121 ay 1 18 3 122
June 1 22 5 152 June 1 22 6 153
July 1 26 7 182 Juty 1 2 1 183
Aug. 1 31 3 213 Aug. 1 31 4 214
Sept. 1 35 8 244 Sept. 1 35 7 245
Oct. 1 40 1 274 Oct. 1 40 2 276
Nov. 1 4 4| 305 || Nov.1 4 5| 306
Dec, 1 48 ] 335 Dec. 1 48 7[ 336
Dec. 31 ; 83 1 365 Dec. 31 53 2 ; 366
' i
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In tabulating the high and low waters the tabulator notes in suc-
cession the highest and lowest points of the tide curve, tabulating the
times to the nearest tenth of an hour and the heights to the nearest
tenth of a foot as read directly from the cross-section paper. How-

Form 362
oL s TIDES: HOURLY HEIGHTS
Station: 3 ‘ ’ Year: _ £22Q
Observer: Lat. _37° £ 8 AN Tong 222" 27'W
Time Meridian: —-/20° ¥ _ Tide Gauge No. - Z% Scale 1: £Z Reduced to Staff.
SOTRMNTNT FRINTEC W 1793
Month| mo. d. d. d. d. d. d. d.
an l Hori-
Day \ferere. /00 V7] ‘2 13 /4 VZ 46| zontal
Day of Sum
Serie: %3 Lt L5 Zé L6 s,
Hour || Feet Feet Feet Fect Fee! Fect Feet Feet
90 ) 7.2 4.7 o 2 7.3 3.2 9.7 1.0 S51.2
1§ 7.4 &.7 b2 b2 L. 8 7.2 9.7 50.5
2 7.9 1.0 Ay 5.5 5.7 b3 7.3 @458
3 1 83 1.4 Lo 5 i 5.0 Y 3 | ©43.3
4 | 2.7 2.0 b9 5.8 PR o . of -7 PENTS
s 1l g0 FIA T b b5 5.5 .5 4.0 §¢.57
6 L 9P ./ 9.0 8.4 7.4 &.3 5.y . ¥ 49 fa
7 | 8.8 ?.2 9.0 8.4 7.5 6.3 T 5 4. 3
8 | 8.4 9./ 9.3 9.2 A 7 & .3 58.5
9 7-b P. S ?.2 q.5 q .4 8.9 1.1 0.8
10 ¢ 7.0 2.0 2.9 ? .l 9.8 9.5 8.9 e 1.7
11 [ 6.8 7.4 2.3 ? . 2.8 /0.1 7.8 b L 4
Noon || £-9 1.0 1.1 8.l 9.5 9.9 204 59
13 | 7.4 7.2 2.4 8.0 2.9 2.b /0.0 58.5
4 8.0 1.7 1.5 1.7 8.y 2.0 Q. la 57.7
15 | 8.9 2 .4 8.1 1.8 1.9 2.3 2.8 S8.2)
T 2 LW 7.0 25 rIRY 3o g3 PPX)
171 20 4 /0.2 2.8 9 st 2.9 2.4 2.0 b5 1
w i /0.8 /0.9 £0.7] /0. #! 2.8 9.4 2.3 q0.0
| —19_[/0.8 /1.2 VIR 1L.> 20.8 £0. %] 2.1 T4.7
20 lizo. 4 ]//a L. 1.9 11 & 41 ¥ - %% 1
i
2]l 9.4 /0.4 /1.3 /1.9 122 /1.2 /1.3 [ 785
2] 8.4 9.2 /0.3 /(.3 124 124 /1.9 | 784
[ 23 1 7.5 7.2 g.7 9.9 V7% 124 12 % b 9.4
som 20511 doeal  bowel  ecel  boeal  wesyl  bossi  yuigu
8Sum for month of Divisr r=(28d) 672; (29d) 696; (30d) 720: (31d) 744, Mean for month=

Tabulated by Wﬁ Date %_22_0 Summed bym—— Dltﬁ%l’“

F1a. 12.—Specimen sheet, tabulation of hourly height of tide

ever, with tides of small range it is better to tabulate the heights of
the high and low waters to the nearest half tenth of a foot, or even to
the nearest hundredth of a foot. A specimen sheet of the tabulated
high and low waters for the first half of the month of June, 1920,



TIDAL DATUM PLANES 25

for San Francisco, is shown in Figure 13. The last half of the month
is tabulated on the other side of the sheet.

It is important to note that in determining the points of high and
low water on the tide curve, which points give the times and heights

Form 138

DEPARTMENT OF COMMERCK TIDES: HIGH AND LOW WATERS
COAST AND GEODETIC SURVEY
Station: QZ. 7 ptcsacas, Coal i ericn La__22° #8° N
Acc. No Party of. A B /Ai'ﬂ Long. £2.2% 27" W.
Observations begin . Observationsend ___________ Time meridian__ L20° WL _____
e sl
g oo e e or SR usion or-
S Y T B T R T T
ﬁqL‘: M. dee. ([ A dee. [Ar. dee ([ Ar.  dee. | A dec, fat | et
Lml VA S BEIREY') . . 2:2) 50
23 LT > . . LL:3) R -4
2 - 135, L-o . : 100 &4
: 23271 179 : . IAN | £,
3 : 240 b b : . 100, 5%
— | /8 4 . . — | Z-b
4 : x| 7> - | VY 5 )
— : J4-5) 192 i o s0t| B4
LI S . B A B A7 : cll 40 B sall
- /5 v 200 . - 4 J0°0 £
U - 2.5 £ : . L0 fn] 55
. /54 43} : - Lo:f | RS
7 - 20 g : . 0/} 5:8
Lot | 279 . . £0:0 21
8 . 2t 9.3 . : P2h
L2122 | ¥>.4 - . L0 by X179
] . &f.of 10 -9 . - Q .of b —
— ! LB.0 | 2D.8 . . LD 5 2%
J 10 . 5.7 4. . . Q-1 | LR
. /8.5 — . . /0.9 —
u . 72| 0.8 . . 2.2 4.8
| 19| 4oy . . {0
12 . s a4 . - AT SR AT-Y
- 20-0) /3.3 - : L1 le 2.4
13 - 2L -7 . . 9.4 K’
0.6 | 4. v, . . /-4 7.7
14 . £0-b 3. : . 9.9 .9
>3] /%50 . . {23 B
15 B 225 -5 » I Y27 A -uf
22| Lbho . D trd. 80
18 : 123 53 : - (02 .
230 Lh9 B : 12 8-
17 : 132 61 . - L0-% 3-8
3.9 | 178 . . (>0 7.8
_ Sums; carried forward . J .

Fra. 18.—Specimen sheet, tabulation of high and low waters

to be tabulated, attention is to be centered on an arc of the curve that
covers a time interval of an hour or more. The highest or lowest part
of the smooth are is chosen for the high or low water and not merely
the highest or lowest point on the curve, which may be due to wave
action or other disturbing factors. This matter will receive further
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consideration in connection with the discussion of irregularities in the
tide curve.

In tabulating times to the nearest tenth of an hour and heights to
the nearest tenth of a foot no provision is made for the tabulation of
values which lie exactly half way between tenths. For example, 8.25
hours may be tabulated either as 8.2 or 8.3 hours and, likewise, 6.75
feet may ge tabulated as 6.7 or 6.8 feet. Obviously, some definite rule
is desirable for such cases. A rule sometimes used is to drop the last
figure, but this introduces a systematic error. A much better rule in
such cases is to make the first decimal place even; for example, 8.25
would be written 8.2 while 8.35 would be written 8.4.

THREE-ROLLER GAUGE RECORD

Before a tabulation of the hourly heights or of the high and low
waters can be made from the tide record furnished by the three-
roller gauge, it is necessary to determine the relation of the curve to
the zero of the tide staff. This is done by means of a tabulation of
comparative readings of stafl and curve, using a glass or celluloid
reading scale graduated in feet and tenths to the same scale as that
to which the tide curve is drawn by the tide gauge. A specimen
sheet of the tabulation of the comparative readings for the tide rec-
ord at Charleston, S. C., for the month of November, 1925, is shown
in Figure 14.

In the first three columns of the comparative readings tabulation
the tabulator notes, respectively, the day, the time of staff reading,
and the height of staff, which items are taken from the tide roll as
recorded in the observer’s notes. In the fourth column the tabulator
notes the height of the curve by his reading scale at the time of the
staff reading. This height obviously will depend on the height as-
sumed for the datum line on the curve. It is most convenient to as-
sume for the datum line a height which will be somewhat less than
the staff reading for that point on the curve, so that the differences
between staff and scale will be positive and lie between zero and 2
feet. The scale reading for the datum line in the specimen sheet of
comparative readings shown in Figure 14 was taken as 4 feet.

In the fifth column of the comparative readings tabulation the
difference between staff and scale is derived, and in the sixth column
the phase of the tide at the time of staff reading is noted. The let-
ters F, B. H, and L are used to designate, respectively, the falling
tide, rising tide, high water, and low water.

Any change in the adjustment of the gauge will change the re-
lation between scale and staff. Thus, a note in the column of re-
marks in Figure 14 states that on November 13, 1925, a new float
wire was put on the gauge at Charleston. This is reflected in a change
of the relation of staff to scale from 1.1 feet to 0.2 foot. When such
a change occurs, the two parts of the record must be tabulated sep-
arately.

For the period November 1-12, Figure 14 shows that the differ-
ence between staff and scale averaged 1.11 feet, the derivation of
this average being shown in the column headed “ Remarks.” Hence,
for the portion of the record from November 1-12, the datum line
corresponds to 5.11 feet, and by marking this height on the scale
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the hourly heights and also the heights of high and low water may
be tabulated to correspond to the true staff readings.

Beginning with the time the new float wire was put on the gauge
on November 13, the datum line on the tide record corresponded to a
staff reading of 4.16 feet. and this setting must be used on the scale

Form 453
DEPARTMENT OF COMMKRCK
COAST AND CEIODETIC SURVEY

TIDES: COMPARATIVE READINGS.

Station ....... Yadoandearlirrr, e

Lat, 32247 N,

Party of oo e . Levtetnereaaf ... . Time meridian . . Iong. 780 5.5 .
Obe. begin Obs. end .. Tabulated by .. %2 Cu .. Date . awr  [T2E..
Tide Gauge No. ... F. T ... Seale .4 ;i AR ..  Thescale reading of Datum Line for this comparison is .. 4. @2. Q. feet.
‘ DATE. TIME OF STAFF SCALE | DIFFKRENCE | PHASE
H Frar, BTAFF 0 REMARKS.
‘ READING. A B A-B. TIDE*
22,5
1 ma. ) ko " Sert. Seet, ot
e tlto 23| d0 | bool tio | F _Deae d = Hwwt 1>
I
; >/3 o9, 430 2. 1.5 445 £ o /l>r. 20
I} 3/ 23 300 L0 tto y:d Deiricaar 1t
1

| H$lrL 48 3ho %50 Yz A 7){%‘ 7
| f
; KIVTA b, Hpo T 7 lo £ Loiga VIZAZ
! TAVIA 53 380 20 110 £ Z, ALl 2 < /1
! viViA ¥8 4 85| 374 [L0D £ 7

CAV/A oY 695 5489 L0 £

lol/h 321 7Ll0 VYY) {10 £l

V71923 4 755 b4s| Lto Y d

AR

Py VA 27 .95 6. 80 115 .

(3 Dlsan %LMMA&___.
/

L3k PIARN ALY b.3p o.xal A

L4112 3a yA 7] A 1] 2. l0 L

‘G|l 49| oS5 390 o015\ £ ost 13 = Daw 30

ViedVZS 49 /L hko L5 Y W] A Leaeresd 2%
/8|76 bl 270 Lbae 010 A i a 14
1916 23 yas| 13% osol 1 %@./ PWTA
20l/6 W8 2850 235 oS F 2 .,.1;.)./;)/7r- o0
2l/8 g9l S0 | G0 aral £ M/.sz%__g.u_
23014 30 bL.5e b330 230 F

24/ /3 750 130 0.%0 £

b2 1 VA 3a Z.320 e A7) %0 H.

b 2 AVIA 18 b.20 670 azra Vid

281y 4. y AN b XY 0. ¥0 L

3ol/4 30 #9490 #10 Q.20 A

* Io the column headed * Phiase of Tide " write ihe appropriute one of tus four fulluwing symbols: M, for high water ; L, for low water] R, for rising Side ; and
¥, for falllng tids, Use Yorm 13 for tabulating high sad Jow water, b a VA, for rne g

F16. 14.-—Specimen sheet, tabulation of comparative readings

for tabulating that portion of the roll in order that the tabulation
should correspond with true staff readings.

The differences between staff and scale in the fifth column of the
comparative readings tabulation will vary somewhat from day to
day, primarily because of the difficulty of reading the staff to the
nearest half tenth of a foot if any wave motion is present. Since the

50008-—27——3
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figures on the staff increase upward an error of a foot is occasionally
made by the observer in reading the staff, and this error of 1 foot will
appear in the column of differences. An error of this kind, however,
is easily noted and should be corrected before the differences are
summed for the derivation of the mean.

In general, during periods when no change is made in the adjust-
ment of the gauge, the differences between staff and scale will be
approximately constant. Any difference which stands out strikingly
from the others should be rejected from the computation for the mean
difference.

It is to be observed that the differences between staff and scale will
vary systematically if the inlet to the float well becomes clogged. In
that case the difference will be greater than the average for the rising
tide and less than the average for the falling tide. These differences
thus furnish a check on the proper functioning of the float well.

With the determination of the corrected setting for the scale, the
tabulation of the hourly heights of the tide and of the high and low
waters is carried on as outlined in the preceding paragraphs for the
tabulation of the record on cross-section paper.

In connection with the tabulation of the tide record it is assumed
that throughout the period of observations the tabulations are re-
ferred to a staff the zero of which is maintained at a fixed level. If
during the period of observations the staff is changed, the height
relation between the two positions of the staff must be accurately
determined. Whenever possible it is preferable to take account of
this change in staff in connection with the tabulation, so that the
whole series may be referred to the same staff. However, it fre-
quently happens that the tabulations must be made prior to the
determination of the exact relationship between the two staffs. In
that case full explanation should be noted in the columns of remarks
of the hourly ordinates and high and low water tabulations; and, as
soon as the corrections necessary to reduce these readings to the zero
of the previous staff are determined, this correction should be noted
on the tabulated sheets.

IRREGULARITIES IN TIDE CURVES

To secure a correct representation of the rise and fall of the tide,
the inlet to the float well of an automatic tide gauge is made suffi-
ciently large to insure free communication with the water outside
the float well. If the inlet is too small, the tide curve will show a
smaller range of tide and a retardation in the times of high and
low water. As a result of making it large enough to insure free
communication, disturbed conditions of the sea will be reflected by
irregularities in the tide curve. An example of such irregularities
is shown in Figure 15, which is a representation on a reduced scale
of the San Francisco tide curve for November 21, 1910.

Two kinds of irregularities in the tide curve are seen in Figure 15.
The first consists of numerous small “saw teeth,” which appear
throughout the curve and which show up particularly well between
the 13th and 15th hours of the day. These “saw teeth ” represent
the rise and fall of the larger waves and ocean swells which enter
San Francisco Bay from the ocean. The second irregularity consists



TIDAL DATUM PLANES 29

of larger and slower fluctuations, which appear suddenly about +45
a. m. and continue with diminishing amplitude until about 10 o’clock.
These fluctuations are brought about by stationary-wave oscillations
of the water within the bay and are known as seiches,

Seiches are brought about by various agencies. Heavy winds,
sudden variations in barometric pressure, and seismic waves due to
seaquakes—all these bring about seiche movements of the water
which cause irregularities in the tide curve. The seiches shown in
Ifigure 15 were caused by a rapid fall and rise of atmospheric pres-
sure at San Francisco. In Figure 16 are shown seiches due to heavy
winds. The curve of Figure 16 represents the rise and fall of the
tide at Atlantic City, N. J., from 5.30 a. m. to 9.30 p. m. on January
2, 1925. The Atlantic City tide gauge is located about 1,500 feet
from shore on one ‘of the piers that juts out into the open sea.

-2

[
.

Fig. 15.—Tlde curve, San Francisco, Cﬁlit.. showing seiches due to changes in
barometric pressure

On the day represented by Figure 16 the wind between 6 a. m.
and 8 p. m. blew from the northeast with velocities varying from
54 to 78 miles per hour, the latter velocity occurring a little after
noon. The short “saw teeth ” are the traces of the swells and larger
waves which have short periods; but the larger oscillations, with a
period of about half an hour beginning about 11.30 a. m., undoubt-
edly represent seiches of some part of a wide embayment of the coast.

Figure 17 is an example of seiches due to a seaquake. On Novem-
ber 11, 1922, about 4.30 a. m. Greenwich civil time, a seaquake oc-
curred off the coast of South America in the vicinity of Carrizal,
Chile. The three curves in Figure 17 were drawn from the tide
curves for San Diego, Calif., San Francisco, Calif., and Honolulu,
Territory of Hawaii, for the period 4 p. m., November 11,to 4 a. m,,
November 12, 1922. To make these curves readily comparable, they
are drawn to the same height scale and referred to the same time
meridian. The height scale is shown in feet to the right. The time
used is that for the meridian of Greenwich, or Greenwich civil time.
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In round numbers, San Diego, San Francisco, and Honolulu are
distant from Carrizal, respectively, 4,500, 5,000, and 6,000 nautical
miles. Nevertheless, the seaquake off Carrizal brought about well-
developed seiches at each of those places and introduced irregularities
in the tide curves. It is somewhat difficult to pick out the exact
instant of beginning of the fluctuation due to the arrival of the
seismic sea waves, but in general it appears that this time was a
little before 6 p. m. at San Diego, about 6.30 p. m. at San Francisco,
and about 7.30 p. m. at Honolulu.

In the tabulation of the tidal record “saw teeth ” and seiches intro-
duce difficulties. For use in the determination of tidal datum planes
it is preferable to consider a smooth curve drawn through such
irregularities and tabulate the hourly heights directly from this
smooth curve. The times and heights of the high and low waters
should also be tabulated from the smooth curve, but note should be

Feet

¥1g. 16.—Tide curve, Atlantic City, N. J., showing seiches due to heavy winds

made in the column of remarks of the time and height of the highest
(or lowest) point of the short-period oscillations.

Smoothing the tide curve must not be carried beyond the legitimate
purpose of eliminating short-period oscillations. When the tide
curve is disturbed in time and height by unusual weather conditions,
the tabulator may be tempted to substitute for the actual tide curve
a hypothetical tide curve which disregards the disturbances in time
and height, on the mistaken notion that better mean values are de-
rived through this substitution. A moment’s reflection will make it
evident that in such cases it is much better to tabulate the data
directly from the actual tide curve and reject, if necessary, the dis-
turbed values from the computation for mean values.

Figure 18 illustrates the disturbing effects of heavy winds on the
tide. The upper curve represents the average or mean rise and fall
of the tide at Fort Hamilton, N. Y., while the lower curve represents
the rise and fall of the tide at Fort Hamilton for December 13 to
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14, 1917, on which days heavy northerly winds prevailed. To make
the tide curves comparable in time, they are referred to the time of
the moon’s transit over the meridian at Fort Hamilton, zero hours
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being the instant of the moon’s upper meridian passage. For the
lower curve zero hours correspond to 11.10 a. m. on December 13, 1917.
In reproducing the tide curve for December 13-14 the short-period
oscillations were smoothed out,
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Comparing the two curves, it is seen that for the first six hours
they agree closely. From that time on the increasing velocity of the
wind on December 13, 1917, is reflected in a disturbed condition of
the tide, the high water being retarded by an hour and the following
low water by four hours. In all such cases smoothing of the tide
curve should be limited strictly to the elimination of short-period
fluctuations, the times and heights of the high and low waters being
tabulated from the actual tide curve so smoothed and note made in
the column of remarks of the weather conditions prevailing.

INTERPOLATION OF BREAKS IN THE RECORD

Since the time and height of tide varies from day to day, it is
desirable both for the purpose of determining mean values and for
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F16. 18.~—~Mean and storm tide curves, Fort Hamllton, N. Y.

purposes of comparison to interpolate any breaks that may occur in
the tide record at stations where the series of observations cover
several months or more. Various methods may be used, depending
on the location of the station and the duration of the break. In
geueral the procedure is to tabulate the hourly ordinates and the high
and low waters for such portions of the record as are complete, leav-
ing the interpolations to be made later.

To distinguish interpolated values from those derived directly
from the tide record, the interpolated values are tabulated in red
ink or they are inclosed in parentheses. If the duration of the break
1s no more than a day or two, a convenient method is to interpolate
linearly the times and heights of the high and low waters. These
interpolated values are then used for constructing the tide curve on
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cross-section paper, from which the hourly ordinates are tabulated.
An example will make this method clear. )

Suppose that on June 13, 1920, the tide gauge at San Francisco
had failed to function. In tabulating the record for the month of
June, 1920, the tabulator would leave that day blank in both the
hourly heights and in the high and low water tabulations (figs. 12
and 13) and complete both tabulations before making the interpola-
tions. The tabulation of the high and low waters illustrated in Fig-
ure 13 shows that on the day preceding the assumed break the morn-
ing high water came at 8.4 hours with a height of 9.4 feet, while on -
the day succeeding the break these values were, respectively, 10.6
hours and 9.9 feet. A direct mean of the above values gives for the
time of the missing high water 9.5 hours and for the height 9.6 feet
as compared with 9.6 hours and 9.6 feet, the values actually observed.

In the same way the morning low water for the 13th would be
determined as 2.7 hours and 5.4 feet, while the afternoon high and
low waters interpolated from the corresponding tides the day pre-
vious and the day following are, respectively, 20.6 hours and 12 feet
and 14.2 hours and 7.7 feet. Of these eight interpolated values, com-
parison with the values given for that gay on Figure 13 shows that
six agree exactly and two differ by one-tenth.

To interpolate the hourly ordinates for the day in question, the
values determined above for the times and heights of the high and
low waters are plotted on cross-section paper and a curve drawn
through these points as maxima and minima, the shape of the curve
being made to conform to the curves of the days preceding and fol-
lowing. The hourly heights are then tabulated directly from this
curve.

The linear method of interpolation obviously can be used only for
relatively short breaks—rarely more than for three days. Breaks
of greater duration may be interpolated by use of the observations
at some other tide station, not too far away, which has a tide of the
same type. The differences in the time and height of the tide at
the two stations are determined from simultaneous observations and
these differences applied to the observed times and heights of the
high and low waters for the days in question, the hourly ordinates
being interpolated as before.

Another method of interpolating a break of more than three days
is to take a mean of the times and heights of the high and low waters
29 days before and after. This method is based on the fact that the
three principal lunar cycles, the phase cycle, the parallax cycle, and
the declinational cycle are, respectively, 2914 days, 2714 days, and
2714 days in length. As an example of this method, it may be used
for interpolating the high and low waters at San Francisco for June
13, 1920, the day used to exemplify the method of linear interpolation.

Twenty-nine days prior to June 13 is May 15, and 29 days after
June 13 1s July 12. For May 15, 1920, the high waters at San Fran-
cisco occurred at 9.6 and 21.2 hours, the heights being 9.9 and 11.7
feet. For July 12 the corresponding values were 9.5 and 20.2 hours
and 9.6 and 12 feet. Hence the interpolated high waters for June 13
would be 9.6 and 20.7 hours and 9.8 and 11.8 feet. These agree quite
well with the observed values of 9.6 and 20.6 hours and 9.6 and 11.9
feet. A mean of the times and heights of the low waters on May 15
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and July 12, 1920, gives 2.8 and 14.2 hours and 5.5 and 7.6 feet, which
agree well with the observed values of 2.7 and 14.2 hours and 5.4
and 7.7 feet.

V. TIME OF TIDE

LUNITIDAL INTERVALS

In connection with time relations of the tide, it is convenient to use
the term “time of tide” to denote the time of high or low water.
Differences in time of tide at various places are readily determined
through lunitidal intervals. These intervals also furnish the data
for determining the durations of rise and fall of the tide. Hence,
in connection with the determination of tidal datum planes, the com-
putations for deriving the lunitidal intervals are generally included.

With regard to the tide at a given place, the lunitidal interval is
defined as the time elapsing between the moon’s local meridian pas-
sage and the following high water or low water. In other words, it
is the difference between the mean local time of tide and the mean
local time of the moon’s transit across the local meridian. But it is
found more convenient to use the Greenwich transits of the moon
and the times of high and low water as tabulated with regard to
some standard time meridian, the necessary corrections being applied
only to the mean values.

A specimen computation of the lunitidal intervals for a month of
high and low waters is shown in Figures 19 and 20. It will be noted
that this computation is carried out on the sheet of tabulated high
and low waters, the first 17 days on one side of the sheet and the last
half of the month on the other side. In the second column the com-
puter tabulates the Greenwich mean time of the moon’s transit across
the meridian of Greenwich to the nearest tenth of an hour, these
times being taken from a nautical almanac. To distinguish the upper
from the lower transits the latter are inclosed in parentheses.

In the fifth and sixth columns, under the appropriate headings,
are entered the differences between the times of high and low water
and the immediately preceding times of the moon’s transits, the
intervals derived from the lower transits being inclosed in paren-
theses to distinguish them from those derived from the upper trans-
jts. The intervals are then summed, the number of intervals and
the sums of the first half of the month being brought forward and
summed with the last half of the month, as shown in Figure 20.
The sums for the whole month are then entered opposite “ Sums,”
with the number of intervals immediately above and the means de-
rived to two decimal places. For the month of June, 1920, these
means, as shown in Figure 20, are 12.06 hours for the high-water
interval and 5.47 hours for the low-water interval.

Two corrections must be applied to these mean values to derive
the true lunitidal intervals. The first correction is to take account
of the fact that the Greenwich times of the moon’s transit across
the meridian of Greenwich were used and not the local times across
the local meridian. The second correction is to take account of the
difference between local time and standard time, since the times of
the high and low waters were tabulated with reference to the stand-
ard time meridian of 120° W., while the longitude of the tide station
is 122° 27" 'W.
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To derive general formulas for these two corrections, it is to be
noted that, since the moon’s transit across any given meridian comes
later each day by about 50 minutes, the local time of the moon’s
transit is earlier than the Greenwich transit for places east of Green-
wich and later for places west of Greenwich. This means that for
places west of Greenwich the use of Greenwich transits gives a luni-
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Fi6. 19.—Specimen sheet, computations for lunitidal intervals, high water and
low water

tidal interval too large, and the correction to be applied is there-
fore negative. Since the average daily retardation in the time of
the moon’s meridian passage is 50.47 minutes or 0.841 hours, the
correction for local meridian passage is 0.841--360-=0.00234 hours
for each degree of longitude. Hence, if L is the west longitude in
degrees of any place, the first correction to the intervals derived by
use of Greenwich transits is, in hours, ~0.00234L.
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To correct the intervals for the use of standard time, it is evi-
dent that since the difference in local time between two places is 1
hour for each 15 degrees of longitude, if § is the longitude in de-
grees of the standard time meridian used and L the longitude of
a given place, the correction to the interval, in hours, will be
(8—L)+15 where S and L are taken as positive for west longitude
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F16. 20.—Specimen sheet, computation for lunitidal intervals, high water and

low water

and negative for east longitude. Combining the two corrections, the
total correction to intervals determined by use of Greenwich trans-
its and standard time becomes 0.06667 (8 — L) —0.00234L =0.066678 —
0.06901L. In this formula it is to be noted that S and L are posi-
tive for west longitude and negative for east longitude. .

For the lunitidal intervals derived for San Francisco for the
month of June, 1920, since the time used is that for the meridian of
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120° W. and the longitude of the station is 122° 27’ (=122.45°), the
correction to the intervals becomes 0.06667X120—0.06901 X 122.45=
—0.45 hour. The corrected lunitidal intervals for the month, there-
fore, are 11.61 hours for the high water and 5.02 hours for the low
water, as shown on Figure 20.

From the formula above it is a simple matter to compute tables
of corrections to lunitidal intervals for different longitudes and
various time meridians. Table 8 gives these corrections for the 13
primary standard time meridians.” The time meridian 157° 30’ is
also included, since this is the time meridian used in the Hawaiian
Islands.

TABLE 3.—Correotions to lunitidal intervals for Greenwich transits and
standard time

[For west longitude, use sign given; for east longitude, reverse sign]

Time meridian, Time meridian, Time meridian, Time meridian, | Time meridian,
0° 15° 30° 45° 60°
|
Longi- ‘ Correc- | Longi- | Correc- | Longi- | Correc- | Longi- | Correc- | Longi- | Correc-
tude | tion tude tion tude tion tude tion tude tion
° Hour ° Hour ° Hour ° Hour ° | Hour
5| -40.655 20 [ +4-0.620 35 | -0.685 50 | -0, 550
; 6 +-. 586 21 . 551 36 +. 516 51 +. 481
| 7 -+. 517 22 -+. 482 37 4. 447 52 7 +.412
i 8 4. 448 23 -+. 413 38 +-.378 53 343
| ] +.379 24 +. 344 39 +.309 54| +.274
| 10 +.310 25 -+. 276 40 -+. 240 55 | 4,205
11 +. 241 26 -+. 208 41 +.171 56 +.136
12 4-.172 27 +.137 42 -+. 102 57 | 4. 067
13 +.103 28 +. 088 43 +. 033 58 | —.002
14 +.034 29 —. 001 44 ~. 038 59 —. 071
0 0. 000 15 —. 035 30 —. 070 45 —. 1056 60 . —.140
1 —. 089 16 —. 104 31 ~, 139 46 —-.174 61 —-. 209
2 —.138 17 - 178 32 —. 208 47 —. 243 62 —.278
3 - 207 18 —. 242 33 - 277 48 -.312 63 —. 347
4 —. 276 19 -, 311 34 —. 346 49 —.381 | 64 | — 416
5 —. 345 20 -, 380 35 —. 415 50 —. 450 65 | —.485
& —. 414 21 —. 449 36 ~. 484 51 —. 519 66 —. 554
7 —. 483 22 —. 518 37 —. 553 52 —. 588 87 -, 623
8 —. 552 23 —. 587 38 —. 622 53 —. 857 68 —. 692
9 -, 621 24 -, 656 39 ~, 691 54 —. 726 69! —. 761
10 —. 680 25 -, 725 40 —, 760 55 —. 795 70 -.830

Time meridian, Time meridian, Time meridian, Time meridian, Time meridian,
75° 80° 105° 120° 135°

Longi- | Correc- | Longi- | Correc- | Longl- | Correc- | Longl- | Correc- | Longi- | Correc-
tude tion tude tion tude tion tude tion tude tion
° Hour ° Hour ° Hour ° Hour ° Hour
65 | -+0.515 80 | —4-0.480 95 | 40,445 110 | +0.410 125 | 40.376
66 -+. 446 81 +. 411 96 +.376 111 +. 341 126 | --.306
87 +.377 82 +. 342 97 4. 307 112 +-. 272 127 | 4,237
68 . 308 83 -+.273 98 --. 238 113 . 203 128 | 4-.168
4 -+, 249 84 +. 204 90 -+. 169 114 -+ 134 120 | 4. 009
70 +. 170 86 - 135 100 +. 100 115 +. 085 130 | +.030
71 4. 101 86 -+. 066 101 | © 4. 031 116 —. 004 131 --. 039
72 +.032 87 -, 003 102 —. 038 117 —. 073 132 | —.108
73 —. 037 88 -. 072 103 —-. 107 118 —. 142 133 -, 177
74 —. 108 89 —. 141 104 —. 176 119 —. 211 134 —. 246
75 -, 176 90 -.210 105 -—. 245 120 —. 280 135 —.315
76 —, 244 91 -, 279 106 -, 314 121 —. 349 136 -, 384
77 —.313 92 —~.348 107 —.383 122 —.418 137 { —. 453
78 —. 382 93 —. 417 108 —. 452 123 —. 487 138 | —.522
79 —. 451 04 —. 486 109 —-. 521 124 —. 556 139 -~. 501
80 -—. 520 95 —. 565 110 —. 580 126 -, 625 140 | —. 660
81 ~, 589 98 —. 624 111 ~. 659 126 —. 694 41| —.720
82 ~-. 668 97 —. 603 112 —.728 127 -, 763 142§ —, 708
83 -, 727 98 -, 762 113 - 797 128 —, 832 143 —. 867
84 -, 798 -. 831 114 —. 866 129 —. 901 144 —, 936
85 —. 865 100 -, 900 115 —. 935 130 -, 970 145 | —1.005
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TaBLE 3.—Corrections to lumitidal intervals for Greenwich iransits and
standard time—Continued

[For west longitude, use sign given; for east longitude, reverse sign}

Time meridian, Time meridian, Time meridian, Time meridian,
150° 157° 30" 1685° 180°
Longi- | Correc- | Longi- | Correc- | Longi- | Correc~ | Longi- “ Correc-
tude tion tude tion tude tion tude i tion
i

° Hour o Hour ° Hour ° | Hour
140 +0. 340 148 | +4-0.288 155 | +0.304 170 | +0. 269
141 +. 271 149 +.219 156 +-. 235 171 +.200
142 | +4.202 150 | +.149 157 | +.166 172 | +.131
143 -+. 133 151 -+. 080 158 -+, 097 173 1 +.062 !
144 -t 064 152 ~+. 011 158 +.C28 174 { —. 007
145 —. 005 153 —. 058 160 —. 041 175 —. 076
146 —. 04 154 —-. 127 161 ~—. 110 176 ‘ —. 145
147 —. 143 155 —. 196 162 -, 179 177 -, 214
148 -.212 156 | —.265 163 ~. 248 178 —. 283
149 —. 281 157 —.334 164 —-. 317 179 | ~.352
150 ~—.351 168 —. 403 166 -. 386 180 —. 421
151 —. 420 159 —. 472 166 —. 455 181 —. 400
152 ~. 489 160 —. 541 167 —. 524+ 182 {1 —. 559 i
163 —. 558 161 —. 610 168 —. 593 183 —. 628 |
154 —, 627 162 —. 679 169 -—. 662 184+ —. 697 |
155 | —.696 163 | —."48 170 | ~.%31 185 | ~.766
156 —.765 164 —. 817 171 —. 800 186 ‘ —. 835
154 —. 834 165 —. 886 172 -, 869 187 —. 904
158 —. 903 166 1 —.955 143 -—. 938 188 | —.973 |
159 —. 972 16 1 —1,024 174 —1.007 189 | —1. 042
160 —1.041 168 ;. —1,093 175 ~1.076 190 { -1 111 [

VARIATIONS IN LUNITIDAL INTERVALS

A glance down the fifth and sixth columns of Figures 19 and 20
shows that both the high-water and low-water lunitidal intervals
vary from day to day. In part these variations may be brought
about by disturbing effects of wind and weather; but, altogether
apart from such disturbing effects, the lunitidal intervals vary peri-
odically through the phase and declinational cycles. In general, dur-
ing the phase cycle tﬁe intervals decrease from spring tides to neap
tides and increase from neap tides to spring tides. During the
declinational cycle, in general, the two high-water and also the two
low-water lunitidal intervals will be approximately the same at the
time of equatorial tides and differ most at the time of tropic tides.

In June, 1920, the moon’s phases were as follows: Full on the 1st,
third quarter on the 9th, new on the 16th, first quarter on the 22d.
Corresponding to these phases both high and low water intervals in
Figures 19 and 20 show decreasing values from the 1st to about the
8th, followed by a period of increasing values to the 13th, then «
period of decreasing values to about the 20th, after which the inter-
vals begin increasing until the 28th.

An inspection of Figures 19 and 20 shows that it is the high-water
interval that exhibits the greatest difference between the two inter-
vals of a day. The moon’s declination during the month of June,
1920, was as follows: Farthest south on the 2d, on the Equator on
the Oth, farthest north on the 15th, on the Equator again on the
22d, and farthest south on the 29th. Corresponding to these changes
in declination we find that on the 2d, 15th, and 29th, when the moon
was near the tropics, considerable difference existed between the two
high-water intervals, while on the 9th and again on the 22d, when
the moon was on the Equator, the two high-water intervals of the
day show less variation.
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In addition to the relatively short-period variations of the phase
and declination cycles, lunitidal intervals also exhibit variations
of a seasonal nature, especially at stations located some distance
upstream on tidal waterways subject to seasonal variations in fresh-
water discharge. At San Francisco, for example, the high-water
lunitidal interval, on the average, has its greatest value in July or
August and its least value in November, this difference, however,
averaging but little over 0.1 hour. At Philadelphia, which is situ-
ated on the Delaware River, about 100 miles from the sea, the varia-
tion in fresh-water discharge is such as to give an average seasonal
difference of 0.3 hour in the high-water interval, the greatest value
coming in December and the least in April. Figure 21 gives in
diagrammatic form the annual variation in the high and low water
intervals at Philadelphia, derived from the monthly values for the
10-year period 1911-1920.

SaAn  Feb  Mar  Apr My Jon® Sy Avd _ Sepl Octl Mo Dec
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F1e. 21.~—Annual variation in lunitidal intervals, Philadelphia, Pa.

The upper curve of Figure 21 shows the average variation in the
monthly values of the high-water interval for the period 1911-1920,
while the lower curve shows it for the low-water interval. The two
horizontal lines through the middle of the curves represent, respec-
tively, the mean high-water and the mean low-water intervals at
Philadelphia as derived from the 10-year series, the scale in hours
being shown to the left. Tt appears immediately that at Philadelphia
the high-water interval is below its average value in spring and
summer and above its average value in winter. The low-water
intervals exhibit a somewhat similar annual variation, though it is
to be noted that the curves for the two intervals are not exactly alike.

The variations in the intervals discussed thus far are average
periodic variations. Superimposed upon these periodic variations
are variations due to nonperiodic causes, such as unusual weather
conditions. It follows, therefore, that to determine the lunitidal
intervals at any given place directly from the tidal observations it is
necessary to have these observations cover a period of at least one
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month. For stations located on tidal waterways subject to considerable
variation in level due to fresh-water discharge the observations should
cover at least a year. Results derived from shorter series of observa-
tions may differ considerably from mean values, and such results
must be corrected to mean values.

REDUCTION TO MEAN VALUES

The simplest and perhaps the most satisfactory method of reducing
the results of short series of tidal observations to mean values con-
sists in a comparison with the results of simultaneous observations
at a near-by tide station at which mean values have been derived
from a long series of observations. The method is simple in applica-
tion, as the examples following will make clear. It is based on the
fact that any departures from average values in the lunitidal inter-
vals during a given period of time will be the same at all places
subject to like weather conditions. This is obvious for places in the
same body of water, but it is found true even for places some dis-
tance from each other during periods not disturbed by widely varying
weather conditions. :

As an example of the applicability of the method of comparison,
the results from the tide stations at San Francisco and at La Jolla,
Calif., will be taken. La Jolla is situated on the open coast more
than 400 miles southeast from San Francisco. Assuming that the
tide records for the first week in July, 1925, were at hand for both
places, that the mean values of the lunitidal intervals at San Fran-
cisco were known from a long series of observations, and that it was
desired to derive as accurate values as possible for La Jolla from that
week’s record, the procedure would be as follows:

The lunitidal intervals are derived from the week’s records at both
places as described previously. At La Jolla these intervals are, re-
spectivelﬁ, 9.46 hours for the high water and 3.23 hours for the low
water, while for San Francisco they are 11.68 and 5.09 hours. But
from a series of observations at San Francisco, covering a period of
20 years, the mean high-water interval has been determined as 11.67
hours and the low-water interval as 4.97 hours. Hence, to correct to
mean values the lunitidal intervals at San Francisco derived from the
observations during the first week in July, corrections of —0.01 and
—0.12 hour, respectively, to the high and the low water intervals
must be applied. A Plying these same corrections to the intervals
derived from the week’s record at La Jolla, we have 9.46—0.01=9.45
hours for the high-water interval and 8.23—0.12=3.11 hours for the
low-water interval.

For comparison it will be of interest to derive the mean intervals
from another week of record. Taking the record for the second week
of July, 1925, the high and low water lunitidal intervals at La Jolla
were, respectively, 9.03 and 2.79 hours and at San Francisco 11.25
and 4.77 hours. The latter values, compared with the mean values
of 11.67 and 4.97 hours, indicate corrections of +0.42 and +0.20
hour, respectively, to the high and low water intervals derived from
the tide record for the second week in July. Applying these correc-
tions to the intervals derived from the data for the second week in
July at La Jolla, the corrected values are 9.03+0.42=9.45 hours for
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the high-water interval and 2.79+0.20=2.99 hours for the low-water
interval.

Comparing with the results derived from the data for the first
week in July, it is seen that intervals with values of 9.46 and 3.23
hours were corrected to 9.45 and 8.11 hours, while the values of 9.03
and 2.79 hours from the second week were corrected to 9.45 and 2.99
hours. The mean values of the Junitidal intervals at La Jolla de-
rived by comparing a full year of observations with simultaneous
observations at San Francisco give 9.41 hours for the high-water
interval and 3.07 hours for.the low-water interval. For each of the
two weeks used in the above examples the mean values derived by
comparison with San Francisco are correct within a tenth of an
hour, even though the corrections in the first case are negative and in
the second case positive. :

The correction to mean values by the method of comparison is
applicable to a series of any length. Care, however, must be taken
to choose a station for comparison which has similar tides and which
is not so far away or so situated that variations brought about by
varying meteorological conditions will be different at the two places.
It is also necessary to use the same number of tides at both places,
even though this may make necessary the inclusion at one of the
places the high or low water of another day.

In general, it may be assumed that the lunitidal intervals derived
from a series one month in length, when corrected by comparison
with simultaneous observations at some near-by station for which
mean values based on a long series of observations are at hand, will
be correct to the nearest tenth of an hour.

TIME DIFFERENCES FROM LUNITIDAL INTERVALS

Since in lunitidal intervals the time is referred to the instant of the
moon’s local meridian passage, the direct difference between the high-
water or the low-water intervals at two places gives the difference in
the time of tide at the two places only if they have the same longi-
tude. In general, therefore, the direct difference between the luni-
tidal interval at two places does not give the difference in time of
tide at these places. o derive from the intervals the differences in
time of tide at different places, a correction must be applied for the
difference in longitude. The formula for this is derived as follows:

If L, and L,, are the west longitudes in degrees of two places, L,
being greater than L,, and I, and I, the respective lunitidal inter-
vals m hours, either for high water or low water, it follows that I, is
referred to a time origin zero hours of which occurs as much later
than at 7, as it takes the moon to traverse the distance represented
by the difference between L, and L,. Since the average period of
the moon’s apfparen’o revolution about the earth is 24.84 hours, the
time required for the moon to travel 1° of longitude is 24.84 +360 =
0.069 hour. Hence to make I, and 7, refer to the same zero hour the
correction 0.069 (L,— L,) must be added to I, (since this is the inter-
val at the ’f‘lace having the greater west longitude) or subtracted
from 1,,. he difference in the time of tide in hours at the two
places 1s, therefore, given by I,—7,,+0.069 (L,~L,).
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As an example, let it be required to determine the difference in
time of tide at La Jolla as compared with San Francisco. For San
Francisco HWI=11.67 hours and for La Jolla 9.41 hours; LWI=
4.97 hours for San Francisco and 3.07 hours for La Jolla; longitude.
of La Jolla=117° 16’ (=117.27°), of San Francisco=122° 27’
(=122.45°). Therefore, in the formula above we have for the high-
water time difference 11.67—9.41-+0.069 (122.45—-117.27)=2.62
hours, and for the low-water time difference 4.97--3.0740.069
(122.45—117.27)=2.26 hours. High water at San Francisco is there-
fore 2.62 hours later than at Lia Jolla, and low water 2.26 hours later.

To make the above formula applicable when one or both places are
in east longitude, it is only necessary to make L negative for the
places having east longitude. Thus if 7, is the interval for a place
situated in 30° east longitude and I, the interval for a place in 15°
west longitude, the difference in time of tide at the twe places is
I~1,+0.069 (—30—15)=1,—1,—0.069x45. Ifboth places are in
east longitude, the difference is I,—I,,+0.069 (—30+15)=1,—1,~
0.069 X 15.

It should be noted that time differences determined through luni-
tidal intervals are absolute differences of time. If time differences
derived from lunitidal intervals are used for computing the times of
tide at one station from the observed times at another, it will be
necessary to take into consideration the standard time meridians at
the two places and to make the necessary allowance if these time
meridians differ.

DURATIONS OF RISE AND FALL

The lunitidal intervals at any given place permit the determina-
tion of the average periods of rise and fall of the tide at that place.
The duration of rise is given by subtracting the low-water interval
from the high-water interval and the duration of fall by subtracting
the high-water interval from the low-water interval. In other words, in
abbreviated form we have, Rise=HWI—LWI; Fall=LWI-HWI.

A tidal cycle involving a single rise and fall averages 12.42 hours.
Hence in using the two %ormulas above, when the greater interval is
to be subtracted from the lesser, 12.42 hours is to be added to the lat-
ter before subtraction. Thus, since for San Francisco HWI=11.67
hours and LWI=4.97 hours, the average duration of rise is given by
11.67—4.97=6.70 hours and the average duration of fall by 4.97+
12.42--11.67=5.72 hours.

VI. MEAN SEA LEVEL

DEFINITION

Mean sea level is the primary tidal datum plane to which all
other tidal datum planes are referred. As a datum plane, mean
sea level at any point may be defined as the mean level of the sea at
that point; and since mean sea level is determined through tidal
observations, it may also be defined as the plane about which the tide
oscillates.

Strictly, mean sea level should be determined by integrating the
tidal curve. It is much more convenient, however, to derive mean
sea level as the average of the tabulated hourly heights of the tide.



TIDAL DATUM PLANES 43

For a very short period of observations the difference between the
two determinations may be relatively large, but for a series covering
a month or more the difference, if any, would be insignificant. The
hourly heights of the tide are generally tabulated to the nearest
tenth of a foot, and the mean sea level derived therefrom is taken
to the nearest hundredth of a foot for series up to a year in length.

Mean sea level is generally assumed to constitute an equipotential
surface; but it is to be noted that, as derived from tidal observations,
mean sea level must deviate somewhat from a theoretical equipoten-
tial surface in consequence of the net or resultant effects of various
agencies, as, for example, variations in barometric pressure and in
air movements. As a first approximation, however, mean sea level
as derived from tidal observations may, for most purposes, be re-
garded as constituting an equipotential surface.

Within coastal bodies of water draining large areas subject to
considerable fresh-water run-off the mean level of the sea obviously
tends to stand somewhat higher than along an open coast. In tidal
rivers in which variations in the fresh-water run-off cause relatively
large fluctuations in level it is sometimes preferable to speak of
mean river level rather than mean sea level, though this mean river
level is determined in precisely the same manner as mean sea level,
namely, by averaging the hourly heights of the tide.

The fact that mean sea level determined from tidal observations
at. different places does not constitute an equipotential surface may
bring about discrepancies between mean sea level determined from
tidal observations and that determined by geodetic leveling from
some distant point. Thus, recent geodetic leveling between New
York City ang Portland, Me., brings out the fact that mean sea
Ievel determined from tidal observations at Portland is about half
a foot higher than that determined from tidal observations in New
York Harbor. To distinguish the two planes of mean sea level, that
determined by means of geodetic leveling may be called geodetic
mean sea level while that determined locally through tidal observa-
tions may be called local or geographic mean sea level.

1t is convenient at times to use the expressions daily, weekly,
monthly, and vearly sea level. These terms denote, respectively,
the sea level derived by averaging the hourly heights of the tide
for the period of a day, week, month, and year. ith respect to
weekly, monthly, or yearly sea level no ambiguity arises, but with
respect to daily sea level it is necessary to define precisely how
it is determined from the hourly heights of the day, for this
determination is possible in three different ways.

1f the hourly heights of the tide for any given day are denoted by
hoy Puy oy . . . Py Ry, in which A, 1s the height at midnight
beginning the day and A, the height at midnight ending the day,
then, strictly, sea level for the day is given by & (Y%A, +A,+A,+
hot .. Fhy,thy+15A,,). It is much simpler, however, to sum
the hourly heights as tabulated; furthermore, no useful purpose is
served by the refinement of the first and last terms of the formula.
Hence daily sea level is frequently taken as 4% (A,+A,+ . . .
-+ Ayt hyy). But, as shown in Figure 12, the hourly heights of the
tide are tabulated with the 23d hour of the day as the last hour. It
is therefore more convenient to derive daily sea level as o

50008—27—4
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(hot+h+h,+ . . . +hyt+h,,). Throughout this publication,
unless otherwise specifically stated, daily sea level will be derived
in accordance with the last formula.

It is to be observed that, excepting regions in which the range of
the tide is very large, there is very little difference in the values of
daily sea level determined by the three formulas. Thus, taking the
first day shown in Figure 12 (June 10, 1920), the first formula gives as
the value of sea level on the tide stafl at San Francisco 8.54 feet, the
second formula makes it 8.48 feet, and the third formula makes it
8.55 feet. As will be seen later, sea level derived from one day of
observation may differ from mean sea level by several feet. In such
cases a difference of a few hundredths of a foot is negligible, and
hence, for most purposes, the third formula is the most convenient
one.

HALF-TIDE LEVEL

Mean sea level must be carefully distinguished from half-tide level
or, as it is frequently called, mean tide level. Half-tide level is the
plane that lies exactly midway between the planes of mean high
water and mean low water and is determined by averaging the
heights of the high and low waters.

If the curve representing the rise and fall of the tide were that
of a simple sine curve, the planes of mean sea level and of half-tide
level would coincide. But the tide curve is not a simple sine curve;
it is compounded of a number of simple sine curves, some of which
have fixed phase relations with respect to each other. The average
rise of high water above mean sea level is, therefore, generally not
exactly the same as the average fall of low water below mean sea
level, and hence mean sea level and half-tide level generally differ.

It will be more convenient to take up in detail the plane of half-
tide level after the discussion of the plane of mean sea level. Here
it will be sufficient to ‘call attention to the fact that at any point on
the open coast the planes of mean sea level and of half-tide level
generally differ only by small quantities, and that over periods of a
year or- more the differences between these two planes are very
nearly constant.

VARIATIONS IN SEA LEVEL

If the level of the sea were to fluctuate only in response to daily
and semidaily tide-producing forces of unvarying periods, then mean
sea level could be determined from one day of tidal observations.
Averaging the hourly heights of the tide through one day would
eliminate the effect of the tide, the resulting average height being
the height of mean sea level. But the tide-producing forces to
which the sea responds include, besides those of daily and semidaily
periods, also those with periods of half a month or more. Daily
sea level therefore varies from one day to another in consequence of
these so-called long-period tides.

It can be shown that the variations in sea level from day to da
resulting from the.long-period tidal forces are relatively smalK
Far greater variations are brought about by the response of the
waters to changes in wind and weather. It is a matter of common
knowledge that a wind blowing toward the shore tends to raise the



TIDAL DATUM PLANES 45

level of the sea along the shore, while a wind blowing from the shore
tends to lower it.

Variations in barometric pressure likewise bring about fluctua-
tions in sea level. Indeed, as a first approximation, any arm of
the sea may be regarded as constituting a huge inverted water barom-
eter. When the barometric pressure over this arm of the sea rises,
the level of the water will be lowered, while with a decrease in
barometric pressure the level of the water will rise.

DAILY SEA LEVEL

Wind and weather vary from day to day; this, together with the
variation due to the long-period tides, brings about variations in
the height of sea level from day to day. Figure 22 shows in diagram-
matic form the changes in sea level from day to day at Fort Hamilton
in New York Harbor during the month of June, 1919, when weather
conditions were relatively uniform. For each day sea level was
determined as the average of the 24 hourly heights of the tide, from
0 hour to 23 hours, inclusive.

The changes in sea level from day to day in Figure 22 are seen to
vary from less than 0.1 foot to more than 0.5 foot. For the month
in question the difference between the highest and lowest daily sea
level is 0.9 foot. Obviously, during periods of heavy winds or of
considerable changes in barometric pressure, the variation in sea level
from day to day will be greater than during periods of relatively
uniform weather. Figure 23 shows the changes in daily sea level at
Fort Hamilton during February, 1919, four months earlier than the
period represented in Figure 22.

On the North Atlantic coast of the United States February is

enerally a month with considerable variation in wind and weather.
%onsequently, Figure 23 shows greater variation in daily sea level
than Figure 22. As against a difference between the highest and
lowest daily sea level of 0.9 foot in June, this difference in February
is 2.4 feet. A rapid change in sea level is seen to have taken place
between the 14th and 17th of February, a fall of somewhat more
than 2 feet occurring between these dates. An examination of the
weather record for these days discloses marked changes in the velocity
and direction of the wind. On the 13th and 14th the wind was
easterly, with velocities up to 35 miles per hour, but on the 15th the
wind shifted to the northwest, the force increasing steadily until the
16th, when it attained a velocity of 62 miles per hour.

"The change in sea level from day to day depends primarily on
variations in meteorological conditions, hence such changes are not
Eeriodic; that is, from one day to the next sea level may be either

igher or lower, depending on the weather. But, as will be shown
in the discussion of monthly sea level, there is a seasonal variation
in sea level or, more precisely, an annual variation. Thus, in New
York Harbor sea level is, on the average, lowest during the first
months of the year and highest late in summer or early in fall.
Since daily sea level may differ by as much as 214 feet during a
single month, as shown in Figure 23, it follows that within a year
daily sea level may differ by even greater quantities. During 1919
sea, {evel for January 11 was 2.1 feet below the mean sea level for



46 U. S. COAST AND GEODETIC SURVEY

the year, and on November 8 it was 1.6 feet above. For these days.
therefore, the difference in sea level is 3.7 feet. ]

Regions subject to storms of great intensity, especially those front-
ing shallow bodies of water, exhibit much greater variation in daily
sea level than those found in New York Harbor. For example,
while in New York Harbor in 1919 the difference between the highest
and lowest, values of daily sea level was 3.7 feet, at Galveston, which
faces the Gulf of Mexico on the coast of Texas, in the same year
the difference was about 5 feet, and during periods of exceptional
storms it is much more.

In tidal streams in which there is considerable variation of fresh-
water discharge daily sea level exhibits greater variation than along
an open coast, and this becomes especially marked in the upper
reaches of the streams. Thus, in 1914 the highest and lowest values
of daily sea level at the places mentioned below differed by the fol-
lowing amounts: Open coast near the entrance to New York Harbor,
5.4 feet; Fort Hamilton, N. Y., the entrance to New York Harbor, 6
feet; Albany, near the head of tidewater on the Hudson River, 15.2
feet. These figures may be taken as representative of the sea-level
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Fig. 22.—Dalily sea level, Fort Hamilton, N, Y., June, 1919

changes within a long tidal river subject to considerable differences
in fresh-water discharge and subject also to freshets.

The dates of occurrence of the respective highest and lowest daily
sea levels at the three places mentioned above immediately give a
clue to the agencies responsible. In the year in question (1914) the
lowest sea level occurred on January 13 at all three places. On that
day, and also the day previous, heavy northwesterly winds had been
blowing, with velocities up to 76 miles per hour. This tended to
drive the water out of the river and harbor and away from the coast.
The highest sea level in 1914 at Fort Hamilton and on the open
coast occurred on December 7, but at Albany this occurred on April
22. On December 7, and the day before, winds with velocities up
to 60 miles per hour from the northeast prevailed. And even at
Albany this resulted in a height of sea level above the average. But
here it is the fresh-water flow in the upper reaches of the Hudson and
its tributaries that is the principal factor in the variation of sea level,
so that the highest sea level is reached early in spring, during
freshets.

The very large variations in sea level, or more accurately in river
level, in the upper reaches of tidal streams which are subject to
fluctuations in fresh-water run-off introduce troublesome questions
in connection with the determination of tidal datum planes. Mani-
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festly, where daily river level may vary as much as 15 feet within a
year, the plane of mean river level or any other tidal datum plane
determined from short series of observations is subject to relatively
large errors.

It is obvious that changes in sea level from day to day must, in gen-
eral, be much the same at points near each other and which are sub-
ject to similar meteorological conditions. As will be seen later, ad-
vantage is taken of this fact in determining the plane of mean sea
level from short series of observations by correcting the sea level
derived from these observations to a mean value. Just how far two
points may be separated and still exhibit similar sea level changes
depends on a number of factors. Within a long tidal river subject
to considerable variation in fresh-water run-off the changes in dailg
river level may be quite different for points relatively near eac
other. But on the open coast and in tidal waters not subject to large
variations in fresh-water discharge the changes in daily sea level
resemble each other closely over areas of considerable extent.
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Fig. 23.—Dally sea level, Fort Hamilton, N. Y., February, 1919

Figure 24 represents the daily heights of sea level for the month
of April, 1923; at five stations on the Atlantic coast from Portland,
Me., to Fernandina, Fla. A glance showsthat at Portland and Boston
the sea-level changes resemble each other closely. At Atlantic City
these changes are decidedly different from those of Portland and
Boston, and, while the curves for Charleston and Fernandina re-
semble each other, they differ from the preceding curves.

Examining the locations of these stations it is found that, though
Boston lies about 100 miles south of Portland, both harbors lie open
to the same arm of the ea known as the Gulf of Maine. Atlantic
City is about 250 miles south of Boston but lies in a different embay-
ment of the coast; this, together with differences in meteorological
conditions, makes the daily sea-level changes at the two places show
but little similarity. Charleston and Fernandina are almost exactly
the same distance from each other as Atlantic City and Boston, but,
lying in the same embayment of the coast, they exhibit similar
changes in sea level from day to day.

There aEpears to be an 1mpression that sea-level changes are a
function of the range of tide. That is, it is assumed that at stations
where the range of tide is large, greater variations in sea level are
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to be expected than at stations having a small range of tide. That
there is no basis for this impression, Figure 24 brings out as regards
daily sea level. The average ranges of the tide at the five stations
are as follows: Portland, 8.9 feet; Boston, 9.4 feet; Atlantic City, 4
feet; Charleston, 5.2 feet; and Fernandina, 6 feet. At Boston, there-
fore, the range of tide is very nearly two and one-half times as large
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Fig. 24.—Daijly sea level at flve stations on the Atlantie coast, April, 1923

as at Atlantic City ; nevertheless the variations in sea level at the two
places for the month shown are very nearly the same.

MONTHLY SEA LEVEL

It is obvious that sea level determined for periods of a week will
show smaller variations than daily sea level. There is, however, no
need of discussing such variations in detail, since they will lie be-
tween the daily variations and the monthly variations. Within a
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month the larger fluctuations exhibited by daily sea level will tend
to balance out, so that monthly sea level shows much less variation
than daily sea level. For example, as noted in the discussion of daily
sea level, in New York Harbor during the year 1914 the difference
between two daily values of sea level, one in January and the other
in December, differed by 6 feet; during this same year the difference
between the highest and lowest monthly values of sea level differed
by but 0.74 foot. In Figure 25 are shown in diagrammatic form the
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F16. 25.—Monthly sea level at five Atlantic coast stations, 1928-24

variations in height of sea level from month to month for the years
1923 and 1924 at the five stations for which daily sea-level changes
are given in Figure 24. For Fernandina the record stops at the
end of June, 1924, the station at that time being discontinued.

In discussing changes in sea level from day to day attention was
directed to the fact that such changes are in no way related to the
range of tide. Figure 25 emphasizes this fact with regard to
monthly sea level. Atlantic City with a mean range of tide of 4 feet,
Charleston with a range of 5.2 feet, and Fernandina with a range
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of 6 feet show much greater changes in monthly sea level than do
Boston and Portland with ranges of 9.4 and 8.9 fzet respectively.

For daily sea level the variations at Atlantic éity were found
quite different from those at Boston and Portland. But for monthly
sea level the curves of Figure 25 show similar changes at the three
stations with respect to the larger variations. Indeed, with respect
to these larger variations there is considerable resemblance in all the
curves of Figure 25. Furthermore, they all give evidence of a sea-
sonal or, more acccurately, of an annual variation in sea level with
a minimum in the winter months and a maximum in the late summer
or early fall months. Differences in wind and weather from one
year to another mask somewhat the periodic annual variation in sea
level. But, if the monthly heights are averaged over a number of
years, the irregularities tend to balance out.

ANNUAL VARIATION

The six curves of Figure 26 represent, as indicated, the annual
variation in sea level at Fort Hamilton in New York Harbor as
derived from monthly heights. The five upper curves give the
annual variation for each of the consecutive years 1916-1920, while
the lowest curve is the mean curve of annual variation derived by
averaging the corresponding monthly heights of the five-year period.
For any one of the individual years shown in Figure 26 there are
seen to be irregularities in the change of sea level from month to
month ; there appears, however, at the same time a large element of
periodicity. Not only in the curve representing the average monthly
heights during the five-year period, but also in the individual years,
it is seen that monthly sea level is generally lowest in the winter
months and highest in the summer months. And this is a charac-
teristic feature of sea level in New York Harbor.

The annual variation of sea level at any point is characteristic for
a considerable area in its vicinity, but from this statement must be
excluded the upper reaches of tidal streams subject to large fluctua-
tions in fresh-water flow. Thus, the annual variation in sea level is
very much the same at Atlantic City, N. J., as at Fort Hamilton,
although the two places are nearly 100 miles apart. But at Albany,
N. Y., which is not much farther from Fort Hamilton than 1s
Atlantic City, the annual variation in sea level is very considerably
different from that at Fort Hamilton, as Figures 26 and 27 show,
despite the fact that Fort Hamilton and Albany lie on the same
tidal waterway.

For Albany there are at hand tide observations covering the years
1910, 1911, 1914, and 1920, the monthly heights of sea level or, more
properly, of river level for each of these years being shown by the
four upper curves of Figure 27, while the lowest curve gives thé
average monthly height as derived by averaging the height of river
level for the corresponding months of 1910, 1911, 1914, and 1920.
It will be noted that the height scale to which Figure 27 is plotted
is but one-fourth that of Figure 26. This was necessary to bring
Figure 27 within reasonable compass. It is at once apparent, there-
fore, that the change in sea level from month to montﬁ is very much
greater at Albany than at Fort Hamilton, near the open sea.
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For 1920 Figure 26 shows a difference between the lowest and
highest values of monthly sea level of 0.9 foot at Fort Hamilton;
Figure 27 for the same year at Albany shows a difference of 5.5 feet.
For 1914 the contrast is even more striking; Figure 27 shows a dif-
ference in monthly height of river level at Albany of 7.8 feet as
between the months of April and November, 1914. In that same
year the tide record at Fort Hamilton shows the greatest difference
in the monthly heights of sea level to have been 0.7 foot, the highest
monthly sea level coming in October and the lowest in February.
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F16. 26.—Annual variation in sea level, Fort Hamilton, N. Y., 1916-1920

Another striking difference between the curves of annual varia-
tion of sea level at Fort Hamilton and at Albany is that in phase.
Figures 26 and 27 show that at Fort Hamilton the monthly height of
sea level is highest in the summer months and lowest in the winter
months, while at Albany the river level is highest in the spring
months and lowest in the summer months. ’I%le influence of the
fresh-water flow is evident in the curves of Figure 27, the sudden
rise during the month of April coinciding with freshet conditions
in the river and the low level during the summer months correspond-
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ing with the minimum of the run-off which occurs during these
months.

Atlantic coast—The characteristics of the annual variation in sea
level on the Atlantic coast of the United States for a number of sta-
tions from Maine to Florida are shown in Figure 28. Comparing
the curves of this figure with those in Figures 25 and 26, it is evident
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Fi¢. 27.—Annual variation in sea level, Albany, N. Y.

that the nonperiodic variations of monthly sea level are of greater
magnitude than the strictly periodic. Notwithstanding this, a com-
parison of the curve of annual variation at Fort Hamilton, as de-
rived from five years of observations (lowest curve, fig. 26), with the
curve in Figure 28 derived from 28 years, shows that the character-
istics of the periodic constituent in the annual variation of sea level
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may be determined with a considerable degree of precision from
five years of observations.

The horizontal lines in Figure 28 represent, respectively, mean
sea level at each of the stations based on the years of observations

Jarn Feb Mar Apr May Jure July Aug Sept Oct Nov Dec

— 1 1 1 1717 " ¥ 1T 1T/

Portianda, Me. 19/2-/925
~o

0 Bosrtorn, Mass. /.922-/325

£ Heamiltorn, N.Y. 189319

20 Phijade/ptia, BPa. /190/-/520

Feer

Atlamntic Crty, VN.J.
19/2-20 8 /92225

\

1.0p=
Bar/timore, Ma._/903-/9.

3
9
a.
oY L
o__k/ Fer?v \

F1¢. 28.——Annual variation in sea level, Atlantic coast

following the name of the station. In general, it is seen that along
the Atlantic coast of the United States sea level is below its mean
level in the winter and early spring months and above its mean level
in the summer and fall months, though exception must be made of
the southern embayment of the coast from North Carolina to Flor-
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ida. Here during the months of July and August sea level is below
its mean level,

Figure 28 shows that the minimum level all along the Atlantic
coast is reached between January and March, with the maximum
coming between August and September. The curve for Philadelphia
stands out somewhat from the other curves, the highest level being
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Fig, 29.—Annual variation in sea level, Gulf coast

reached in April. This, however, is due to the freshet conditions
obtaining in the upper reaches of the Delaware and tributaries dur-
ing that month. In general, too, it may be said that the range of
the annual variation in sea level increases from north to south. At
Portland it is just over 0.2 foot; at Fort Hamilton it is 0.6 foot;
Baltimore, 0.8 foot; Fernandina, 1 foot. Philadelphia can not be
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considered as invalidating this general conclusion, because there
Bhe annual variation is dependent to a large extent on the fresh-water
ow.

Gulf coast.—In the Gulf of Mexico the characteristics of the annual
variation in sea level differ somewhat from those on the Atlantic
coast. In Figure 29 are shown the curves of annual variation at
six stations from Key West, Fla., to Galveston, Tex. Here, too.
the figures following the names of the stations give the years of
observations on which the curves are based, and the horizontal lines
represent, respectively, the mean sea level derived for each of the
stations from those years of observations.

From Figure 29 it follows that along the Gulf coast of the United
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F16., 30.—Annual variation in sea level, Pacific coast

States, as on the Atlantic coast, sea level is lowest in January or
February and highest in September or October. A secondary mini-
mum in midsummer, which is apparent at Key West, becomes well
developed toward the western end of the Gulf. At Cedar Keys,
however, this secondary minimum is missing. In fact, the curve of
annual variation for Cedar Keys differs considerably from the other
curves in Figure 29. For all six stations shown the range of the
annual variation is approximately the same, being about three-
quarters of a foot,

Pacific coast.—For the Pacific coast of the United States Figure
30 gives the curves of annual variation at four stations from San
Diego, Calif., to Seattle, Wash. For the southern portion of this
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coast, as exemplified by the curves for San Diego and San Francisco,
the annual variation is much the same, with a minimum in April
and a maximum in September, the range being slightly less than
half a foot. For the northern stretch Seattle may be taken as repre-
sentative. There sea level is below its mean level from April to
October and above for the rest of the year.

The annual variation at Astoria is not so well determined as
at the other stations shown in Figure 30, since it is based on but three
years of observations. There is also present another factor, arising
from the fact that Astoria is situated on the fresh-water harbor
at the mouth of the Columbia River and is thus subject to the sea-
sonal variation in the fresh-water run-off from the large territory
that drains into the Columbia. The maximum in May and June
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F16. 31.—Annual variation In sea level, Gulf of Alaska

and the minimum in August are due primarily to the effect of the
fresh-water flow..

All along the Pacific coast of the United States the range of the
annual variation in sea level is practically the same, being about
half a foot, but the phase of the variation is different. Along the
Atlantic coast the phase was found much the same, but the range
was found to vary, increasing from north to south.

Alaska—For the coast of Alaska fronting the Gulf of Alaska
there are three stations at which there are observations covering
a period of three years or more, which permits a determination of the
annual variation in sea level. These stations are Ketchikan, on
Tongass Narrows; Skagway, near the head of Lynn Canal; and
Kodiak, on Kodiak Island. The curves of annual variation at these
stations are shown in Figure 31.

The curve for Ketchikan, being based on six years of observations,
is regular in outline, but the curves for Skagway and Kodiak, being
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based on but three years, are somewhat irregular. In general, it
appears that along this coast sea level is below its mean level during
the spring and summer months and above mean level in the fall
months. The maximum appears to come in October or November
and the minimum some time between March and July. The range
of the annual variation here is about three-quarters of a foot.

YEARLY SEA LEVEL

In the previous section monthly sea level was found to be sub-
ject to an annual variation with a range up to a foot. This means
that, due to this cause alone, mean sea level determined directly
from one month of observations may be in error by half a foot.
This error may be further augmented very considerably by the non-
periodic variation from month to month arising from variations in
wind and weather. Within a year, however, the annual variation
balances out, and it now remains to consider whether there are any
variations in sea level from year to year.

Atlantic coast—In Figure 32 are plotted the heights of sea level
as derived for each of a number of years at six stations on the At-
lantic coast. The horizontal lines associated with the curves repre-
sent for each station the mean sea level for the period of observations
at the station. It appears at once that sea level does vary from year
to year, although it is to be noted that this variation is considerably
less than the variation from month to month. For example, Figure
25 shows that sea level in February, 1924, at Atlantic City was 0.7
foot higher than the preceding month. Figure 32 shows that at
Atlantic City the greatest difference in yearly sea level for two
consecutive years, from 1912 to 1925, was 0.14 foot.

The difference in sea level from year to year at any point along
the Atlantic coast is generally less than a tenth of a foot. Occasion-
ally, however, it may be as much as a quarter of a foot or even more,
as exemplified by the variation between the years 1900 and 1901 at
Fort Hamilton and between 1918 and 1919 at Fernandina. It is to
be noted, too, that notwithstanding the fact that Philadelphia is
situated about 100 miles from the sea on a tidal river subject to con-
siderable variation in fresh-water flow the variations in sea level
from year to year are of about the same magnitude as at the stations
which are situated on the coast.

Figure 32 shows that the principal changes in sea level from year
to year on the Atlantic coast are of a cyclic and not of a progressive
character. For several years sea level will be rising, and for the
E)eriod of several years following sea level will be falling. Un-

ortunately the observations at no station have been continued for

a sufficient number of years to determine accurately the periods of
these cycles. In a general way the existence of a cycle with a period
of four to five years is indicated. There appears also to be a cycle
with a period of eight to nine years.

What stands out strikingly in Figure 32 is the fact that sea level
changes from year to year in much the same way all along the
Atlantic coast. It will be recalled that for daily sea level the area
in which like sea-level changes took place was relatively restricted.
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For the change in sea level from month to month the area was con-
siderably larger, and from year to year it appears to be much the
same all the way from Maine to Florida. At Philadelphia and at
Atlantic City repairs to the wharves on which the tide gauges were
located necessitated the interruption of the observations during the
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years 1921 and 1922; but, when the observations were resumed, the
yearly sea levels gave values which fit in with the observations at
the other stations.

Generally, when sea level during any one year is high (or low)
at any of the stations shown in Figure 32, it is also high (or low)
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at the other stations. Thus, in 1900 sea level was in a low-level phase
at Fort Hamilton, being about 0.15 foot below its mean level. At
Fernandina, very nearly a thousand miles away, sea level likewise is
seen to have been in a low-level phase, and the record shows it to have
been about 0.1 foot below its mean value. Similarly, 1919 appears to
have been a year of unusually high sea level on the Atlantic coast,
and from Portland to Fernandina Figure 32 shows the yearly sea
level to have been higher than for any of the years following or for
a number of years preceding.

While the changes in sea level from year to year along the Atlantic
coast are generally similar, it must be emphasized that they are not
exactly the same. But it is to be noted that, when the changes at any
two stations are different, these changes are of small magnitude,
rarely as much as 0.1 foot. In this connection attention is to be
directed to the curve for Fernandina for the period from 1909 to
1912, during which time the changes in sea level differ from those at
the other stations. During this period, however, difficulties were
encountered in the operation of this tidal station, and the results for
this period are not as satisfactory as at the other stations.

Gulf coast,—Along the Gulf coast of the United States there are
three stations at which tide observations have been continued for a
number of consecutive years. Various difficulties, however, were ex-
perienced in the operation of these stations, especially during the
earlier years. These difficulties conspire to make the sea-level results
for certain years not as free from question as might be desired. In
Figure 33 the yearly heights at these three Gulf-coast stations are
shown in graphic form. As in the previous figures, the horizontal
lines represent, respectively, for each station the mean sea level de-
rived from the years of observations shown.

At none of these stations have the observations been continued for
so long a period as on the Atlantic coastj but here, too, the cyclic:
character of the variations in yearly sea level is clearly shown. The
periods of the cycles are not as apparent as in the variation of yearly
sea level on the Atlantic coast. In general, however, it appears that
there is a cycle with a period of something like four to five years.
The Galveston observations also indicate the existence of a cycle with
a period of about nine years.

n a general way it may be said that there is considerable similar-
ity in the changes of sea level from year to year at the stations along
the Gulf coast, though this similarity is not so close as on the Atlantic
coast. This means, in other words, that along the Gulf coast like
changes in yearly sea level are confined to smaller areas than on the
Atlantic coast. This is undoubtedly to be ascribed to the shallower
depths along the Gulf coast and to the greater frequency of local
tropical storms. For Key West and Cedar Keys the changes in sea
level from year to year are of about the same magnitude as on the
Atlantic coast. At Galveston, however, these changes are somewhat

reater.
g Pacific coast—For illustrating the changes in sea level along the
Pacific coast of continental United States t%lere are at hand observa-
tions covering periods of 20 years or more at San Diego, San.Fran-
cisco, and Seattle. These yearly heights of sea level are shown in
Figure 34, the horizontal lines, as before, representing, respectively,

50008—27——75
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mean sea level at each of the stations, derived from the years of
observations plotted for each station.

The changes in sea level from year to year on the Pacific coast are
of about the same magnitude as on the Atlantic and Gulf coasts,
being only infrequently greater than 0.1 foot. A variation, with a
period of between two and three years, is indicated by Figure 34,
and a secondary variation, with a period of about nine years, is like-
wise indicated. A comparison of the curves shows that differences
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in the variation of sea level from year to year occur; but in general
it appears that when sea level is for any one year high (or low) at
one point on the Pacific coast of the United States, it is also high
(or low) all along the coast.

Alaska—With the exception of Ketchikan, there is no station in
Alaska at which tide observations have been continued for more than
three consecutive calendar years. For Ketchikan there are at hand
yearly heights of sea level for the period 1919-1925. On the tide
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staff the height of sea level averaged from the seven years of obser-
vation is 14.25 feet. For each year the height of sea level on the
tide staff was as follows: 1919, 14.31 feet; 1920, 14.25; 1921, 14.29;
1922, 14.12; 1923, 14.26; 1924, 14.21; 1925, 14.29. Comparing these
heights with the yearly heights of sea level at Seattle for the same
years, shown in Kigure 34, it is seen that the sea level at Ketchikan
from year to year changes in much the same way as at Seattle.

PRIMARY DETERMINATION

The variations in sea level discussed in the preceding sections may
be summarized as follows: At any point on the coast sea level
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varies from day to day, from month to month, and from year to
year. From one day to the next sea level may vary by a foot or
more, and within the same year two values of daily sea level may
differ by 5 feet or more. Monthly sea level is subject to variations
of both periodic and nonperiodic character, so that within a year sea
level for two different months may differ by as much as a foot.
Yearly values of sea level may show differences of a quarter of a
foot or even more.

The determination of mean sea level therefore involves two differ-
ent problems. The first is, how long a series of tide observations is
required to give an accurate determination of mean sea level? The
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second problem is, how can the sea level derived from a short series
of observations be corrected to mean value?

A period of 19 years is generally considered as constituting a full
tidal cycle, for during this period of time the more important of the
tidal variations will have gone through complete cycles. It is there-
fore customary to regard results derived from 19 years of tide ob-
servations as constituting mean values. Hence sea level derived
from 19 years of observations has frequently been taken to constitute
a primary determination of mean sea level and as giving accurately
the datum of mean sea level.

For the practical purposes of datum plane determination 19 years
is a considerable period of time. Moreover, an examination of the
yearly heights of sea level shown in Figures 32, 33, and 34 discloses
the existence of a prominent variation in sea level with a period of
about nine years. Therefore for gractical purposes sea level based
on nine years or more of tidal observations may be taken as con-
stituting a primary determination of mean sea level and as giving
with sugicient accuracy for all practical purposes the datum of mean
sea level.

In this connection, however, it is not to be overlooked that in
speaking of an accurate determination of mean sea level at any given
place two assumptions are tacitly implied. It is assumed tﬁat the
mean level of the sea remains constant, and it is further assumed that
the relative elevation of land to sea at the given place remains
constant. For practical purposes these tacit assumptions are justi-
fied, for it is obvious that, in general, any changes etther in the vol-
ume of the ocean waters or in the relative elevation of land to sea
must be very small even over a period of 19 years.

While the question of change of relative elevation of land to sea
may be disregarded as of little practical concern in determining the
plane of mean sea level at present, it is obvious that, if such changes
of a progressive nature are taking place, a primary determination of
mean sea level at one time may differ appreciably from that made 50
or 100 years later. No confusion, however, will arise if a given deter-
mination of mean sea level is specified by the years of observations
on which it is based. This will make possible the correlation of mean
sea levels determined many years apart.

The differences in consecutive values of mean sea level from nine-
year groups are illustrated in Figure 35 for two stations, one on
the Atlantic coast and the other on the Pacific coast. For Fort
Hamilton observations covering the period 1893-1925 were used, the
data for the years 1923-1925 being interpolated; for San Francisco
observations covering the years 1898-1925 were used. For Fort
Hamilton, therefore, the first nine-year group centers in 1897, while
for San Francisco it centers in 1902. The horizontal lines represent,
respectively, mean sea level for each station derived from the whole
series of observations. ,

Since two consecutive nine-year groups include eight years of the
same data, the difference between such consecutive groups must be
small. Figure 35 shows that this difference is generally 0.01 or (.02
foot. For the 33-year period represented by the Fort Hamilton
data the lowest sea level is given by the first nine-year group and
the highest by the last, the difference between the two being 0.18
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foot. For San Francisco the lowest sea level is given by the first
nine-year group, while the highest is given by the group centering
in 1918, the difference being 0.09 foot. It is to be observed, how-
ever, that in part these differences are to be ascribed to errors inher-
ent 1n observing tides over long periods. At the same time these
differences bring out the necessity for specifying the years of obser-
vations used in deriving a primary determination of mean sea level.

SECONDARY DETERMINATION

Observations covering a period of nine years or more for primary
determinations of mean sea level are required at but few places on
the coast. At all other places a satisfactory secondary determination
of this datum plane can be made by means of observations covering
much shorter periods if the results are corrected to a mean value by
comparison with the primary determination at some suitably located
tide station. The precision with which mean sea level can be derived
by a secondary determination from various periods of tide observa-
tions can best be illustrated by examples.
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Day.—Since weather conditions at widely separated places may
be markedly different on the same day, it is obvious that, in deriving
mean sea level at any point from one day of tide observations, cowmn-
parison must be made with a near-by primary station at which the
changes in sea level will be similar.

Figure 24 shows that daily values of sea level fluctuated about
184 feet at Boston during the month of April, 1923, with a miniium
value on the 1st and a maximum value on the 25th, the tide-staff values
being, respectively, 7.12 and 8.96 feet. Suppose that from the obser-
vations of each of these two days it is desired to derive a value of
mean sea level for Boston. It is obvious that Portland, Me., is a suit-
ably located primary tide station with which to compare the Boston
observations. At Portland, from 14 years of observation, mean sea
level reads 13.13 feet on the tide staff. For April 1 and 25, 1993,
daily sea level on the staff, determined by averaging the 24 hourly
heights of the day, was, respectively, 12.30 and 13.85 feet.

n April 1, therefore, sea level at Portland was 0.83 foot below
its mean value. And since it is reasonable to assume that the fluc-
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tuation in sea level at Boston is closely similar to that at Portland,
it follows that mean sea level on the staff at Boston would read
7.12+0.83=7.95 feet. Similarly, on the 25th of April sea level at
Portland was 0.72 foot above its mean value, giving for that day at
Boston a mean sea-level value on the staff of 8.96—0.72=8.24 feet,
which compares with 7.95 feet derived from the observations on April
1. From four years of observations, compared with simultaneous
observations at Portland, mean sea level at Boston corresponds to a
reading of 8.13 feet on the tide staff. From one day of observations,
therefore, by comparison with simultaneous observations at a primary
?de station, mean sea level can be determined within a quarter of a
oot.

Month.—As an example of the determination of mean sea level
from a month of observations we may again take Boston and Port-
land. From Figure 25 it is seen that for the two-year period 1923-
1924 monthly sea level at Boston reached its lowest stage in January,
1924, and its highest stage in March, 1924, the values on the tide staff
being, respectively, 7.75 and 8.44 feet. For the same months sea level
on the tide staff at Portland read 12.80 and 13.41 feet.

Since 13.13 feet represents the primary determination of sea level
on the staff at Portland, sea level in January, 1924, was 0.33 foot
below its mean value and in March 0.28 foot above. Applying these
corrections to the corresponding sea-level values at Boston, we derive
for mean sea level 7.75+0.833=8.08 feet from the January observa-
tions and 8.44—0.28=8.16 feet from the March observations, which
values agree with each other within 0.08 foot and which differ by
0.05 and 0.03 foot from the mean sea-level value of 8.13 feet, found
in the preceding paragraph, from four years of observations. IFrom
a month of tide observations, therefore, it appears that mean sea
level can be determined within 0.1 foot by comparison with simultane-
ous observations at a suitably located primary tide station.

In the discussion of the variations of monthly sea level it was
shown that this variation is much the same over a larger area than
the variation in daily sea level. To illustrate the determination of
mean sea level by comparison with a station which is at a greater
distance from Boston than is Portland, we may take Atlantic City
and derive mean sea level at Boston for the same months by com-
parison with simultaneous observations at Atlantic City. It should
be noted in passing that Atlantic City is more than 200 miles from
Boston and lies in a different embayment of the coast. Furthermore,
January and March are months when the effects of meteorological
conditions are more likely to be different at the two places than dur-
ing the summer.

From 12 years of tide observations the primary determination of
mean. sea level on the staff at Atlantic C{)ty is 6.59 feet. For the
months of January and March, 1924, sea level on the staff read 5.95
and 6.94 feet, or 0.64 foot below and 0.35 foot above mean sea level.
Applying these corrections respectively to the January and March
sea-level values at Boston, we derive for mean sea level at Boston
7.75+0.64=8.39 feet and 8.44—0.35=8.09 feet,

The best determined value of mean sea level on the staff at Boston
is 8.13 feet. Hence the value determined from the month of Janu-
ary, 1924, when compared with simultaneous observations at Atlantic
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City, differs by 0.26 foot from the best determined mean sea level,
while the same month of observations compared with Portland gave
a mean sea-level value which differed by only 0.05 foot. The impor-
tance of a suitably located tide station for correcting the results
from short series of observations is brought out by this example.

One year.—To exemplify the secondary determination of mean sea
level from one year of observations, we may take stations farther
apart than those used in connection with one month of observations.
Portland and Baltimore are approximately 400 miles apart by air
line and considerably farther as measured along the coast line.
Moreover, Baltimore lies on an arm of Chesapeske Bay 140 miles
from the open sea, which feature tends to make the variations at the
two places more unlike than if both were situated on the open coast.

Since the series at Baltimore is the longer, that station will be
taken as the primary tide station, mean sea level from 23 years of
observations reading 4.11 feet on the tide staff. From Figure 32
yearly sea level at Portland is seen to have been at its lowest level
1n 1913 and at its highest in 1919, the heights on the tide staff being
13.03 and 13.27 feet, respectively. These two years will therefore be
used in deriving mean sea-level values by comparison with simul-
taneous observations at Baltimore.

Sea level on the tide staff at Baltimore read 4.03 feet in 1913 and
4.30 feet in 1919. Hence in 1913 sea level was 0.08 foot below, and
in 1919 it was 0.19 foot above its mean level. Applying these correc-
tions to the sea-level values for the corresponding years at Portland,
mean sea level from the 1913 observations is 13.03+0.08=13.11
feet and from the 1919 observations 13.27—0.19=13.08 feet. The pri-
mary determination of mean sea level at Portland from 14 .years
of observations is 13.13 feet. Therefore the values derived from the
two years of observations differ from the mean value by 0.02 and 0.05
foot, respectively.

We may test the applicability of the method of correction by
comparison to stations still farther apart. As an example we may
turn to the Pacific coast and take Seattle and San Francisco, which -
are over 600 miles apart. And since San Francisco has the longer
series of tide observations, we may use it as the primary station for
correcting two yearly values of sea level at Seattle. Figure 34 shows
that at Seattle yearly sea level was at its highest in 1915 and at its
lowest in 1917, the heights on the staff being, respectively, 14.23 and
13.88 feet. These two years will therefore be used.

From 28 years of observations the primary determination of
mean sea level at San Francisco is 8.55 feet on staff. The yearly
sea level was 8.69 feet in 1915 and 8.48 in 1917, giving corrections to
mean sea level for those years of —0.14 and +0.07 foot, respec-
tively. Applying these corrections to the figures for sea level at
Seattle, we derive mean sea-level values of 14.23—0.14=14.09 feet
and 13.88+0.07=13.95 feet. The primary determination of mean sea
level at Seattle from 27 years of observations is 14.04 feet.

The two determinations of mean sea level at Seattle from a year
of observations, corrected by comparison with San Franciso, are seen
to differ by 0.05 and 0.09 foot from a primary mean sea-level deter-
mination. But it is important to note that, notwithstanding the
fact of the very considerable distance between Seattle and San Fran-
cisco and the further fact of differences in meteorological conditions,
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the two yearly values of sea level used in the example were both
brought nearer to a mean sea-level value by comparison with San
Francisco. In general it may be said that one year of tide observa-
tions, when corrected by comparison with simultaneous observations
at a suitably lecated primary tide station, will give a mean sea-level
determination correct to within 0.05 foot.

Four years—In discussing yearly sea level attention was directed.
to the fact that on the Atlantic, Gulf, and Pacific coasts of the
United States there appears to be a variation in sea level with a
period of about four years. This period may therefore be regarded
as giving very nearly a primary determination of sea level and, if
corrected by comparison with simultaneous observations at a suitable
primary tide station, should give a very good secondary determina-
tion of mean sea level. As examples, we may use the same stations
as in the preceding section, namely, Portland and Baltimore on the
Atlantic coast and Seattle and San Francisco on the Pacific coast.

Since the years 1912 and 1919 were used in deriving mean sea-
level determinations from one year of observations, we may, for the
sake of securing comparable results, use four-year groups including
those years. Taking 1912-1915 and 1919-1922 we find sea level at
Portland to have read 138.09 feet for the first period and 13.17 feet
for the second period. At Baltimore for these same periods the
heights of sea level on the tide staff were, respectively, 4.06 and 4.22
feet. Compared with the primary determination of mean sea level
at Baltimore of 4.11 feet derived from 23 years of observations, a
correction of +0.05 foot is indicated for the 1912-1915 sea level and
of —0.11 foot for the 1919-1922 sea level. Applying these correc-
tions to the corresponding sea levels at Portland, mean sea-level
values of 13.14 and 13.06 feet are derived. These compare with a
primary determination at Portland of 18.13.feet derived from 14
years of observations.

In the Seattle-San Francisco comparison of a year of observations
the years 1915 and 1917 were used. For the four-year comparison
we may therefore take the two periods 1912-1915 and 1917-1920.
At Seattle sea level for the period 1912-1915 read 14.08 feet on the
tide staff, and for the period 1917-1920, 14.03 feet. At San Fran-
cisco the staff readings of sea level for the same periods were, re-
spectively, 8.62 and 8.58 feet. Since the primary determination of
mean sea level at San Francisco for the 28-year period ending 1925
is 8.55 feet, the corrections to the sea-level values for the periods
1912-1915 and 1917-1920 are, respectively, —0.07 and —0.03 foot.
Applying these corrections to the corresponding sea-level values at
Seattle, mean sea-level values of 14.01 and 14.00 feet are derived. The
primary determination of mean sea level at Seattle from 27 years of
observations is 14.04 feet.

It is obvious that, if stations closer together than those in the
examples above had been used, the secondary determinations of mean
sea level from the four years of observations would have been closer
to the primary determination. If corrected by comparison with
simultaneous observations at a primary tide station lying within the
same embayment of the coast, four years of tide observations should
give, in general, a mean sea-level value correct to within 0.02 foot.
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PRIMARY TIDE STATIONS

The possibility of determining the plane of mean sea level from
short series of observations is thus seen to depend on the existence
of tide stations at which long series of observations are being made.
Such tide stations are designated as primary tide stations. At the
present time the Coast and Geodetic Survey is operating eight such
stations on the Atlantic coast, three on the Gulf coast, four on the
Pacific coast, and two in Alaska.

The primary tide stations serve a number of purposes. They fur-
nish primary determinations of mean sea level at these stations,
which are then used as the starting and “ tie-in ” points of the precise
level net which is being spread over the country. The data from
these stations make possible the correction to mean values of the
results of short series of tide observations. In addition, they also
flflrn(ilsh the basic data for the study and advancement of the subject
of tides.

REFERENCE TO TIDE STAFF AND BENCH MARKS

From the tide observations at any point the plane of mean sea
level is determined as corresponding to a certain Eeight on the fixed
tide staff used in the tide observations at that point. In other words,
mean sea level at that point may be said to be so many feet and
hundredths above the zero of a given tide staff. And if it were a
simple matter to maintain that tide staff for many years without
change in elevation, it would serve very well for preserving the
determination of the plane of mean sea level.

But unfortunately it is only rarely that a tide staff can be main-
tained without change for a number of years. Deterioration of the
material used, changes in wharves and piling, and accidents of one
kind or another make it necessary to replace a tide staff at intervals
more or less frequent. To make certain that the new tide staff will
be replaced at the same elevation as the preceding one, so as to make
succeeding observations comparable wit}g those preceéing, it is nec-
essary to refer the zero of the tide staff to bench marks.

As soon as the elevation of the tide staff with reference to one or .
more bench marks is known it becomes possible to refer the deter-
mination of the plane of mean sea level to these bench marks. These
bench marks, established in rock.or concrete, or on some substantial
structure, thus preserve the determination of mean sea level much
better than would the tide staff; and generally this plane at any
Egint is given as so many feet and hundredths below one or more

nch marks.

VII. HALF-TIDE LEVEL

DEFINITION

The plane of half-tide level, or mean tide level, as it is sometimes
called, is defined as lying exactly halfway between the planes of mean
high water and mean low water. It is thus a plane lying close to
mean sea level, and frequently the two are taken as synonomous. As
accurate datum planes, however, the two- must be carefully
distinguished.

Strictly, the glane should be desi%nated as that of “mean half-tide
level,” rather than “half-tide level” in consonance with the distinc-
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tion between sea level and mean sea level. No confusion, however,
results from the dropping of “mean,” since the context clearly indi-
cates the sense in which the term is used, whether to designate the
half-tide level for a short period of time, as a day, week, or month,
or as a datum plane.

Prior to the invention of the automatic tide gauge the recording
of the tide throughout the 24 hours of the day was a matter of con-
siderable expense. It was therefore customary to observe the tide
only near the times of high and low water. This permitted a tabula-
tion of the high and low waters but not of the hourly heights. Half-
tide level could be determined from such tabulations, but not mean
sea level; and as a rule the earlier determinations were those of the
plane of half-tide level.

While the tabulation of the hourly ordinates is necessary in the
harmonic analysis of the tide, the only datum plane derived from
such tabulation is the plane of mean sea level. From the high and
low water tabulation, however, not only is the plane of half-tide
level determined, but also the various high-water and low-water
planes. Moreover, since mean high water and mean low water are
symmetrical with respect to half-tide level, a determination of the
one is also a determination of the other. 1t is therefore customary
to derive these high-water and low-water datum planes with regard
to half-tide level.

VARIATIONS IN HALF-TIDE LEVEL

The tide oscillates about sea level, high water and low water being
the maximum and minimum of the oscillation. And, on the average,
the rise of high water above sea level is approximately the same as
the fall of low water below sea level. Since half-tide level lies
halfway between high water and low water, it follows that it must
vary in much the same way as sea level.

This conclusion is borne out by an examination of daily, monthly,
and yearly values of half-tide level. The variations in sea level dis-
cussed in the previous section may be taken to represent also the
corresponding variations in half-tide level. It is unnecessary, there-
fore, to go into a detailed discussion of the variations in half-tide
level. It will be sufficient to note in summary that, like sea level,
half-tide level at any point on the coast varies from day to day, from
month to month, and from year to year. From one day to the next
half-tide level may vary by a foot or more, and within the same year
two values of daily half-tide level may differ by 5 feet or more.
Monthly half-tide level is subject to variations of both periodic and
nonperiodic character, so that within a year half-tide level for two
different months may differ by as much as a foot. Yearly values of
half-tide level may show difterences of a quarter of a foot or even
more. ~
RELATION TO MEAN SEA LEVEL

If the curve representing the rise and fall of the tide were that of
a simple sine curve, the planes of mean sea level and of half-tide
level would coincide. But the rise and fall of the tide does not take
place in accordance with the ordinates of a simple sine curve. The
movement of the tide is compounded of the movements of a number
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of simple sine curves, some of which have fixed phase relations with
respect to each other. The rise of high water above sea level is
therefore generally not exactly the same as the fall of low water
below sea level, and hence mean sea level and half-tide level generally
differ.

Obviously, any cause that tends to disturb the regularity of the
tide-curve tends to change the relation between sea level and half-
tide level. Decided changes in wind and weather may therefore
change that relationship somewhat. In general, however, the rela-
tion is very nearly constant. Figure 36 shows in diagrammatic form,
for each day of the month of April, 1923, the relation of sea level to
half-tide level at Boston, Mass. Half-tide level for each day was
derived as the average of the four high and low waters of the day.
On days when but one high water or one low water occurred, the
other one occurring nearest to the day in question was used to make
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F16. 36.—Daily sea level and half-tide level, Boston, Masé., April, 1923

up the group of four high and low waters. Sea level for each day
was, as heretofore, derived as the average of the 24 hourly heights of
the tide.

From Figure 36 it is seen that, despite the relatively large changes
in sea level from day to day, the relation of sea level to half-tide at
Boston remains very nearly constant. To be sure, this relation
changes somewhat from day to day, but these changes are relatively
small. Sea level here is, almost without exception, above half-tide
level, on the average, by 0.1 foot. The greatést difference between
the two shown in the figure—for the 25th—is but 0.2 foot greater than
the average.

It is not difficult to see why the relation of sea level to half-tide
level is not constant from day to day. In the first place the fact that
the tidal cycle has a period of very nearly 25 hours, and not 24 hours,
introduces slight variations; and in the second place it is obvious
that changes in wind and weather must vary that relationship. For
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example, suppose that at any given place we take two days during
which the high waters, and likewise the low waters were exaetly
similar. Half-tide level for the two days would therefore be ex-
actly the same. And if the weather conditions during the two days
were similar, sea level likewise would be the same for the two days.
Suppose, however, that weather conditions on the second of the two
~days were the same as on the first day only until the oecurrence of
the last high or low water of the day (which, for the sake of illus-
tration, we may assume to have occurred about 6 p. m.). Suppose
that from that time to the end of the day the direction or velocity
of the wind was different. Obviously, the half-tide level for that
day would not be changed. since the last high or low water used
in deriving it has already occurred. But the hourly heights of the
tide for the remainder of the day would differ from the correspond-
ing heights on the first day, and hence, although half-tide level
for the two days would still be the same, the sea levels would differ.
If monthly heights of sea level and half-tide level are compared,
the relation between the two is found to be less variable than in
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Fig. 87.—Monthly sea level and half-tide level, Boston, Mass.

the case of the daily levels. Figure 37 gives the monthly heights
of sea level and half-tide level at Boston for the years 1923 and 1924.
Without exception, monthly sea level is seen to be above half-tide
level. For the years shown in the figure sea level averaged higher
than half-tide by 0.12 foot, the least difference between monthly
values being 0.10 foot and the greatest difference 0.17 foot.

A comparison of yearly heights of sea level and half-tide level
shows a more nearly constant relation than between monthly values.
Thus, at Boston, for the four consecutive years 1922-1925, yearly
sea level was above the corresponding yearly half-tide level, in feet,
by 0.13, 0.13, 0.12, and 0.12.

The relation between half-tide level and sea level at any point
depends upon the amplitude and phase relations between the vari-
ous constituents of the tide at that point. In the harmonic nota-
tion the relation is given by the formula *

10.04(K; +0,)?
M,

HTL=SL+M, cos (2M; - M;) - cos (M;-Ki—0)).

1 8ee R. A. Harris, Manual of Tides, Pt. 1II, p. 148.
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Here HTL stands for half-tide level, SL for sea level, and the other
terms have their usual significance in the harmonic notation. Since
the amplitudes of the various components vary somewhat from year
to year, it follows that the relation between sea level and half-tide
level may differ from year to year. Furthermore, the cosine of
(2M;—M)) and also of (M;—K;—0Q;) may be either positive or
negative. Hence sea level may be either above or below half-tide
level, depending upon the phase and amplitude relations.

Along the Atlantic coast of the United States cos (2M;—My)
is generally negative, while cos (M;~K]~O;) is generally positive.
Hence along this coast half-tide level is below sea level, with but few
exceptions. Along the Gulf coast both cosine terms in the formula
are generally positive, so that here half-tide level may be either above
or below sea level, depending upon which term has the greater
value. On the Pacific coast the first cosine term is positive at some
places, while at others it is negative; the second cosine term, however,
: ; (X,+0,)* . :
is generally negative. Here, however, SN s ase rule, more

2
than 25 times as great as M, and therefore at most places along this
coast half-tide level is above sea level.

The periodic variation in K, and O, from vear to year is much
greater than in M,. Hence, where the ratio of (K,+0,)? to M, is
large, appreciable variations in the relation of half-tide level to sea
level may be expected from year to year.  On the Atlantic coast
this ratio is small, being at most places about 0.1, but on the Gulf
and Pacific coasts it is relatively large, being at most places greater
than unity. It is therefore to be expected t%at the relation of half-
tide level to sea level will differ but little from year to year on the
Atlantic coast, while on the Gulf and Pacific coasts larger differences
will appear. 'This is brought out by the tide observations.

In Figure 38 the variation in the relation of yearly half-tide level
to sea level is shown for Fort Hamilton, N. Y., Galveston, Tex., and
Seattle, Wash. These stations may be taken to represent, respec-
tively, this variation on the Atlantic, Gulf, and Pacigc coasts of the
United States. For each station the horizontal line represents the
best-determined difference between half-tide level and sea level from
the whole series of observations, this difference in feet being indi-
cated by the figures to the right or left of the horizontal line. The
difference given is half-tide level minus sea level. Hence, when a
negative sign is prefixed, it indicates that half-tide level is below
sea level.

The curve for Fort Hamilton shows that the relation of yearly
half-tide level to sea level is very nearly constant, the extreme devia-
tion from the mean value being but 0.01 foot. For Galveston the
variation is somewhat greater, attaining in some years a value differ-
ing by 0.04 foot from the mean value. At both of these stations the
variation is so small that any periodicitﬁ is masked. At Seattle,
however, the periodicity is unmistakable, the minimum coming abont
1904 and 1923 and the maximum about 1913, giving 19 years as the
period of this variation., At times of maximum or minimum the
difference from the mean value may be as much as 0.05 foot.
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Table 4 gives the relation of half-tide level to mean sea level as
determined directly from observations at a number of stations on the
Atlantic, Gulf, Pacific, and Alaskan coasts of the United States.
The table gives the values for half-tide level minus mean sea level.
Negative values therefore indicate that mean sea level lies above half-

18985 /1900 1905 /19/0 19/5 /920 /1925

RERRRR REBERAN llllTllll RERE

M M 1. Harrmittom, M.y
\! . @ ~0.04
vy ¥y Ms

reet Calvestor, Tex.
T ifa
Yiradl
—
O.05 =
o.oor~
Seatr/e, wash. ‘

o.0/ - \

Fig. 88.—Variation in relation of yearly halftide level to sea level

tide level, while positive values indicate that mean sea level lies
below half-tide level by the amounts shown. For each station the
value given is based on at least two years of observations, and it may
therefore be taken to approximate the mean value of this relation
within 0.01 or 0.02 foot.
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TABLE 4.—Half-tide level minus mean gea level

Atlantic coast: Feet | Gulf coast—Continued. Feet

Portland, Me___ . ___..__ —0. 02 Pensacola, Fla.._________ 0. 02
Boston, Mass_______.____ —. 12 Weeks, La___.__________ .01
Providence, R. I.___.____ —. 10 Galveston, Tex__________ —. 01
New London, Conn.____._ —. 05 | Pacific coast:
Fort Hamilton, N. Y_.___ —. 04 San Diego, Calif.________ .05
Atlantic City, N. J______ —.03 La Jolla, Calif___________ .02
Philadelphia, Pa__. - —.16 Los Angeles, Calif .. _____ .03
Baltimore, Md. ... - —.02 San Francisco, Calif______ . 06
Washington, D. C__.____ —. 01 Astoria, Oreg.._.________ .04
Wilmington, N. C_______ —. 02 Seattle, Wash___________ .01
Charleston, 8. C.___.____ —. 12 Olympia, Wash__________ —. 05
Tybee Island, Ga_._.__..__ —. 11 Anacortes, Wash________ .22
Fernandina, Fla________. —. 11 | Alaskan coast:

Gulf coast: Ketehikan_ ... ___..____ —. 02
Key West, Fla__________ —. 01 Skagway - - - - __.____.___ —. 13
Cedar Keys, Fla_________ —. 02 Valdez_ .. . ___._____ -—. 09

Table 4 shows that, in general, mean sea level and half-tide level
differ by about 0.1 foot. On the Atlantic coast the plane of mean
sea level generally lies above that of half-tide level, while on the
Pacific coast it is the plane of half-tide level that is the higher. The
five stations given for the Gulf coast make it appear that there mean
sea level and half-tide level may for all practical purposes be taken
as coinciding.

DETERMINATION OF HALF-TIDE LEVEL

Since the variations in half-tide level are very nearly the same
as those in sea level, the procedure employed in determining the
plane of mean sea level becomes applicabﬁa also to the determination
of the plane of half-tide level; and, as in the case of mean sea level,
a determination based on nine years of tide observations may be
taken as constituting a primary determination of the datum of half-
tide level. :

For deriving the datum of half-tide level from a short series of ob-
servations the direct determination is corrected by means of simul-
taneous observations at some near-by station for which a primary
determination is at hand. The procedure is similar in all respects
‘to that employed in correcting to a mean value the determinations of
sea level from short series of observations. As an example, we may
derive the datum of half-tide level at San Francisco, Calif., from
two different months of observations, using San Diego, Calif., as the
primary station.

The tabulation of the high and low waters at San Francisco for
the month of June, 1920, 1s shown in Figures 19 and 20. Taking
this month we derive half-tide level—half the sum of the average
heights of the high and low waters—as 8.66 feet on the staff. At
San Diego for the same month half-tide level read 6.59 feet, while
a primary determination based on 18 years of observations read 6.58
feet. Compared with this primary determination, the half-tide
level for the month of June, 1920, is 0.01 foot too high, so that the
correction is —0.01 foot. Hence the corrected half-tide level at San
Franfcisco, based on this month of observations, reads 8.66—0.01=
8.65 feet.
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Taking as the other month December, 1914, half-tide level at San
Francisco is found to read 9.26 feet, while at San Diego it read 7.10
feet. Compared with the primary determination of 6.58 at San
Diego, a correction of —0.52 feet 1s indicated for December, 1914.
Hence the corrected half-tide level at San Francisco will be given b
9.26—0.52=8.74 feet. The two determinations of half-tide level,
each based on a month of observations, which differed by 0.6 foot,
after correction agree within 0.09 foot. These two corrected values,
moreover, differ from the primary determination of 8.61 feet for
the half-tide level at San Francisco only by 0.04 and 0.13 foot,
respectively.

The precision with which half-tide level can be determined from
a short series of tide observations may be taken to be the same as for
mean sea level ; that is, in general, when corrected by comparison with
a suitably located primary station, a month of observations will
determine the datum of half-tide level within 0.1 foot, a year of
observations will determine it within 0.05 foot, while four years of
observations will determine it within 0.02 foot.

Vill. MEAN HIGH WATER

VARIATIONS IN HEIGHT OF HIGH WATER

The height to which high water rises varies from day to day.
Indeed, it is exceptional that the two high waters of the same day are
alike. Primarily these variations are related to the varying positions
of the moon relative to earth and sun. Thus, near the times of new
moon and full moon high water rises higher than usual, while at the
times of the moon’s first and third quarters the rise of high water is
less than usual. Likewise, when the moon is near perigee, the height
to which high water rises is above the average, while near the time
of the moon’s apogee the height of high water is below the average.

The periodic semimonthly change in the declination of the moon
also brings about variations in the height of high water, causing
the two high waters of a day to differ. This gives rise to the feature
known as diurnal ineliuality, necessitating the distinction between
higher high water and lower high water. When the moon is near its
semimonthly maximum declination, the two high waters of a day show
the greatest difference in height; when the declination of the moon
is small—that is, when the moon is near the Equator—the difference
in height of the two high waters is least.

The seventh column of the specimen sheet of the tabulation shown
in Figures 19 and 20 gives the height of each high water at San Fran-
cisco, Calif., for the month of June, 1920, as referred to the tide staff.
In Figure 39 these heights are shown graphically, together with the
various positions of the moon during the month. The small circles
give the height of each high water above mean sea level, which is
represented by the horizontal line in the figure. To indicate clearly
the succession each high water is joined %‘;7 a straight line to the
preceding and succeeding high waters.

Figure 39 brings out the relation of the height of high water to
the position of the moon relative to earth and sun. When the decli-
nation of the moon is small—that is, when the moon is close to the
Equator (in the figure about the 9th and 22d of the month)—suc-
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cessive high waters do not differ greatly in height; near the times
of the moon’s maximum north and south declination (the 1st, 15th,
and 29th of the month) the difference between the two high waters is
greatest. On the 14th the two high waters differed by 2.4 feet.

Because of the difference in the periods of the various motions of
the moon various combinations occur. Thus, on the 1st of June, 1920,
the increased height of high water due to full moon was offset by
the decrease due to the moon being close to apogee. Likewise, on the
16th the high waters bear the impress of the new moon coinciding
with perigee and very nearly coinciding with the moon’s maximum
semimonthly declination.

In addition to the variations in the height of high water ennmerated
above, which are due to astronomic causes, still further variations are
brought about by wind and weather. These are especially marked
on coasts fronting shallow bodies of water and in tidal rivers subject
to wide variations in fresh-water flow. It is obvious, therefore, that
the term “ plane of high water” is ambiguous, for there are various
planes of high water—mean high water, spring high water, neaﬁ
high water, perigean high water, apogean high water, higher hig
water, lower high water, storm high water. This does not exhaust
the list; for, since the months of the moon’s phase, distance, and dec-
lination are not of the same length, various combinations occur
which define such datum planes as perigean spring high water, tropic
perigean spring higher high water, ete.

In different places and for different purposes different high-water
planes have been used. Of the great variety of such high-water
planes possible, however, it is found that four cover the practical
needs for datum planes. These are the planes of mean high water,
higher high water, spring high water, and monthly highest high

water.
DEFINITION OF MEAN HIGH WATER

Mean high water at any place is the average height of all the high
waters at that place over a considerable period of time. To deter-
mine just how long a series of tide observations is required to derive
a satisfactory value of mean high water it is necessary to consider in
detail the variations to which high water is subject.

The variations in the heights of successive high waters during the
period of a month were discussed in the previous section and illus-
trated diagrammatically in Figure 39. These variations, which are
of a periodic character, are due to changes in the position of the
moon with respect to phase, distance, and declination. There are
also variations of a nonperiodic character due to changes in wind
and weather. Indeed, since the tide is primarily an oscillation above
and below sea level, it is obvious that changes in sea level due to
wind and weather will be reflected in the height to which high water
rises. This is brought out in Figure 40, which gives the daily heights
of high water and of sea level at Atlantic City for the month of
February, 1925.

For the purpose of exhibiting the relation of high water to sea
level it is sufficient to take the average of the two high waters for
each day, and this was done in constructing Figure 40. In this
figure the ulg)er diagram gives the average height of the two high
waters each day, while the lower diagram gives the daily height of
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sea level. A glance suffices to show that, notwithstanding the varia-
tions in high water from day to day due to changes in the position
of the moon, there is a variation also due to the daily variation of
sea level.

The average rise of high water above sea level at Atlantic City
is, to the nearest tenth of a foot, 2.0 feet. For the month shown in
Figure 40 the rise of high water above sea level is seen to vary from
1 foot to 3 feet, this variation reflecting the periodic changes due
to the changes in the position of the moon. On the 1st of February,
1925, the moon was in her first quarter and only three days before
apogee; hence a much reduced rise of high water. On the 21st the
moon was in perigee, and on the 23d new moon occurred; hence on
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K16, 40.-—Relation of daily high water to sea level, Atlantic City, February, 1915

the 23d and 24th the rise of high water was considerably above the
average, being then about 8 feet above sea level.

MONTHLY HIGH WATER

The daily height of high water is subject to relatively large varia-
tions both periodic and nonperiodic in character. The periodic vari-
ations depend primarily on the phase, distance, and declination of
the moon, the periods of these being approximately 2914, 2734, and
2714 days, respectively. Such variations are therefore largely elim-
inated within a month. And within a month, too, the large varia-
tions in sea level due to wind and weather tend to balance out. Tt
follows, therefore, that a much closer approximation to the plane of
mean high water can be secured from a month than from one day of
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observations. It remains now to determine what variations monthly
high water is subject to.

In Figure 41 are shown the relative heights of monthly high water
at five stations on the Atlantic coast for the years 1923 and 1924. In
general, consecutive values of monthly high water at any point on
the coast vary about 0.1 or 0.2 foot, though occasionally the differ-
ence may be more than half a foot. Within the same year the
monthly heights of high water may differ by as much as a foot.
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Fig. 41.—Monthly heights of high water, Atlantic coast tlde stations

A comparison of the diagrams of Figure 41 with the corresponding
diagrams of Figure 25, which illustrate the variations of monthly
sea level, brings out the fact that monthly high water follows the
variations in sea level much more closely than does daily high water;
and, obviously, this is to be ascribed to the fact that, within a month,
the periodic variations due to changes in the position of the moon
very largely balance out.

Since the height of monthly high water varies approximately as
the height of sea level, it follows that monthly high water must be
subject to an annual variation such as was found characteristic of
monthly sea level. This is borne out by observations and for three
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stations—one on each of the coasts of continental United States—is
shown graphically in Figure 42. The corresponding curves of an-
nual variation in sea level for these three stations are shown in
Figures 28, 29, and 30. Comparing corresponding curves, it is seen
that the annual variation of high water follows that in sea level
closely.

Monthly high water at any point is thus subject to variations lioth
periodic and nonperiodic in character; and in both of these it follows
closely the like variations in sea level at that point.

YEARLY HIGH WATER

Turning now to the variations in the height of yearly high water,
it is found, as was to be expected, that these are much smaller than
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F1G. 42.—Annual variation in high water

the variations from month to month. In Figure 43 are shown the
yearly heights of high water at six stations on the Atlantic coast.
Generalf{y, consecutive yearly heights of high water at a station are
seen to differ by not more than a few hundredths of a foot, though
at times this difference may be as much as a quarter of a foot.
Within a period of 20 years yearly values of high water may differ
by as much as half a foot, even at stations free from the disturbing
effects brought about by large fluctuations in river discharge.

A comparison of the curves of Figure 43 with the corresponding
curves of Figure 32, which give for the same stations the variations
in sea level from year to year, shows that, like daily and monthly
high water, yearly high water varies in much the same way as yearly
sea level. In fact, yearly high water follows the variation 1n sea
level much more closely than monthly sea level.
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If yearly high water varied exactly as sea level, the rise of high
water above sea level at any point would, from year to year, be con-
stant. This, however, is not the case, for observations show that the
rise of high water above sea level differs from year to year. In
part, such differences must be ascribed to difficulties inherent in the
operation of the tide stations over considerable periods of time and
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F1g. 43.—Yearly high water, Atlantic coast tide stations

also to the disturbing effects of unusual weather conditions. Changes
in hydrographic features, whether natural or artificial, likewise may
change the relation of high water to sea level, for such changes.
generally do not affect sea level but do affect the range of the tide.
The causes enumerated above for the variation in the relation of
yearly high water to sea level are not of a periodic character. If



TIDAL DATUM PLANES 81

the height of high water above sea level from year to year is plotted
for a number o% years, a distinct periodic variation comes to light,
the period being approximately 19 years. In Figure 44 the varia-
tion of yearly high water above sea level is shown graphically for
three stations, one each on the Atlantic, Gulf, and Pacific coasts.
The horizontal lines associated with the diagrams represent for
each of the stations the average height of high water above sea level
derived from the whole series of observations at that station, this
height in feet being given by the figures at the right or left of the
horizontal lines. F¥or Fort Hamilton the periodic variation is very
definitely brought out with minima about 1894 and 1914 and maxima
about 1904 and 1922. For Galveston variations of nonperiodic
character mask the periodic variation, but a curve drawn to fit the
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Fig. 44.—Variation of yearly high water in relation to sea level

yearly heights would show a maximum about 1916 and minima about
1905 and 1923. For San Francisco a like curve indicates minima
about 1899 and 1916 and maxima about 1907 and 1925.

From theoretical considerations of an astronomical character it
follows that there should be a periodic variatica in the rise of high
water above sea level having a period of 18.6 years. This is brought
about by the change in longitude of the moon’s node, which intro-
duces a variation in the inclination of the lunar orbit to the plane of
the earth’s Equator. The effect of this, however, is different on the
daily and the semidaily constituents of the tide. This means that in
computing factors to correct the rise of high water for the longitude
of the moon’s node account must be taken of the relative magnitudes
of the daily and semidaily constituents of the tide.
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The ratio of the daily to the semidaily constituents of the tide at
any place can be computed very readily from the harmonic constants
of the tide at that place. For the purpose of deriving factors to re-
duce the rise of high water to a mean value the ratio of the daily to
the semidaily constituents is taken as (K,+O,)+M, Where har-
monic constants are not at hand this ratio may be derived, approxi-
mately, from the formula, 2(DHQ+DLQ) ~Mn, in which DHQ is
the mean high-water diurnal inequality, DLQ is the mean low-water
diural inequality, and Mn is the mean range of the tide. The der-
ivation of the diurnal inequalities will be taken up in connection
with the higher high-water and lower low-water datums. In Table 5
the ratio of K,+0O, to M, at a number of points along the coasts of
the United States are given.

TABLE 5.—Ratio of Ki+O0: to M.

Atlantic coast: Feet | Pacific coast: Feet
Eastport, Me_._.__.___.__. 0.10 San Diego, Calif._________ 1. 04
Portland, Me_ . __________ .19 Morro, Calif __ . _ . ________ 1. 31
Boston, Mass_________... .18 San Francisco, Calif____.__ 1. 14
Newport, R. I ____.__. .22 Humboldt, Bay, Calif_____ . 98
Providence, R. I_________. .20 Astoria, Oreg_._______.___ .71
New London, Conn_______ .37 Port Townsend, Wash_____ 1.79
New York, N. Y___.______ .24 Seattle, Wash___._________ 1.21
Albany, N, Y. _______.__.. . 34 | Alaskan coast:

Sandy Hook, N. J___._____ .23 Craig. - - oo . 63
Atlantic City, N. J____._. .31 Ketehikan. ... ... _. .43
Lewes, Del _____________._ .31 Sitka__ __ .. ____ . 687
Philadelphia, Pa.________._ .24 Sergius Narrows..._...___. .53
0ld Point Comfort, Va___. .27 Cross Sound._ - ___________ . 59
Richmond, Va_.__________ .21 Juneau_____.___________. .41
Waghington, D. C________ .20 Skagway._ - - ___.____.__.__ .41
Baltimore, Md. - T TC . 83 Kokinhenic Island__.______ . 68
Wilmington, N. C________ .32 OrcaInlet. . .. . _._.__ . 58
Charleston, 8. C..__.._.__ .24 Seldovia. o woo oo .41
Savannah, Ga____________ .18 Anchorage .- _______._. .29
Fernandina, Fla__________ .21 Kodiak._ ... _.___.__ . 69

Gulf coast: Duteh Harbor______.____. 2.07
Key West, Fla_ _____._____ 1. 02 St. Paul Island___________ 1. 88
Cedar Keys, Fla_________. .97 Nushagak Bay. ... ... _._ .71
Pensacola, Fla____________ 13. 21 Apokak _____________ 7. .85
Fort Morgan, Ala_________ 10. 46 St. Michael _._ ... ______ 3. 82
Biloxi, Miss_.______...._. 9. 66 Point Barrow____.___.___ . 65
Cat Island, Miss_.________ 8. 66
Port Eads, La.._________._ 14. 34
Galveston, Tex. . ___.____._ 2.71

It will be noted from Table 5 that the ratio of the daily constituent
of the tide to the semidaily is approximately the same for large
regions, so that at any desired point this ratio may be taken to %e
the same as at a station in the general vicinity where it has been
determined. Thus, for the Atlantic coast of the United States this
ratio is about 0.2, while for the Pacific coast it is about 1.1. On the
Gulf coast this ratio shows wide variations, but even here the value
at any given point may be taken as characteristic of the tide over
a considerable area.

Where the ratio of the daily constituent of the tide to the semi-
daily, defined by (K,+0O,)+M,, is less than 0.5, the tide is of the
semidaily type—that is, there is but little difference between morning
and afternoon tides; where the ratio is between 0.5 and 2, the tide is
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of the mixed type; and where greater than 2, the tide begins to be
of the daily type. Strictly, the plane of mean high water should be
confined to the semidaily and the mixed types of tide. It is con-
venient, however, in regions of small range, to adopt the plane of
mean high water even when the tide is partly of the daily type.

Instead of giving the tabular values of the percentage increase or
decrease in the height of high water brought about by the change in
longitude of the moon’s node, it will be more useful to give the
reciprocals of such values, for these reciprocals constitute the factors
for correcting the rise of high water over a given period to a mean
value. Table 6 gives these factors for each year of the 60-year
period 1891-1950 as computed from Tables 6 and 14 of Harris’s Man-
ual of Tides, Part ITII. As will be seen later, these are also the
factors for correcting the fall of low water to a mean value.

TABLE 6.—I"actors for correcting high water and low 1water 1o mean valucs

0.3 0.5 0.7 0.9 1.1 1.3 1.5 1.7 ! 19

to to to to to to to to | to

0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 @' 20

|
1.013 | 1.012 ] 1.011 | 1.009 | 1.008 | 1.006 | 1.004 | 1.001 | 0.098
1021 | 1020 1017} 1015 1.012| 1008, 1.005| 1.001; 0. 996
1026 1025 1.022 | 1.019| 1018 L012) 1.007 | 1001 ;. 0.995
1.028 | 1026 1.023 | 1,020| 1017 1.013 | 1.008 | 1.001 | 0.994
1.028{ 1.026 | 1,023 | 1.020) L017| 1013 1007 1.001 | 0.995
1.024 | 1.023 | 1.020| 1.017 | 1.014 | 1,011 | 1,006 1001 | 0.996
1.018 | 1.017 1015| 1.013 | 1.010| 1.007 | 1.005| 1001, 0.996
1.009 | 1.009 | 1.008 | 1,006 | 1.0056 | 1.004 | 1.002 | 1.001 | 0.998
0.999 | 0.909 | 0.999 | 1.000| 1.000| 1.000 | 1.000 | 1.000 | 1.000
0.989 | 0.990 | 0.991 | 0.992 ; 0.994 | 0.906 | 0.908 | 1.000 | 1.002
0.081 | 0.982 | 0.984 | 0,986 0.989 | 0.992] 0.995| 0.999 | 1.004
0.975| 0.976 | 0.979 | 0.982 | 0.985( 0.986 | 0.993 | 0.999 | 1.005
0.972 0.974| 0.976 | 0.979 ] 0.983 | 0.987 | 0.992! 0.009 ! 1.006
0.972 | 0.974 | 0.976 | 0.079 | 0.983 | 0.987 | 0.992 | (.99 | 1.006
0.974 | 0.976 | 0.978 | 0.981 | 0.984 | 0.988 ! 0.093 | 0.989 | 1.005
0.980 | 0.981 ! 0.982 | 0.985 | 0.988 | 0.991 | 0.995 | 0.999 | 1.004
0.987 | 0.988 | 0.989 | 0.091 | 0.993 | 0.995 | 0.997 , 0.999 | 1,002
0.997 | 0.997 | 0.998 | 0.998 | 0.999 | 0.999 ' 0.999 ; 1000, 1.000
1,007 1,007 | 1.006 1,005 1.004; 1.003; 1.002 | 1.000 | 0.908
1.016 { 1015 | 1.014'| 1.012 | 1.010| 1.007 | 1.004 | 1.001 | 0.997
1.023 | 1.022| 1,019 1017 1.014| 1010 | 1.006 | 1.001 | 0.996
1.028 1. 026 1.023 1.019 1.016 1.013 |- 1.007 1. 001 0.995
1,028 1 1.026| 1.023 | 1,020 | 1.017{ 1.013| 1.008 | 1001 0.9
1027} 1.025) 1.022| 1,019 | 1.016 | 1LOI13] 1.007 | 1..001 | 0.995
1,022 1021 1018 1.016| 1,013 1.010] 1.008| 1.001L| 0.996
1.014| 1.014| 1.012| 1,010 | 1.009 % 1.006| 1.004| 1.001 | 0.997
1.005| 1.005| 1.005 | 1,004 | 1,003 | 1002 1.001 | 1.000 | 0.999
0.995 0.995| 0.996 | 0.997 | 0.997 | 0.998 | 0.990 1 1.000 | 1.001
0.985| 0.986 | 0.988 | 0.990 . 0.992 | 0.99¢ ' 0.997 | 0.999 | 1.003
0.979 | 0.980 | 0.981 | 0.984 ' 0.987} O. 980 | 0.994 | 0.999 | 1.005
0.973 | 0.975| 0.078! 0.981 ' 0.984 | 0.988 | 0.993 | 0.990 | 1.006
0.972] 0.974 | 0.976 | 0.979  0.983 | 0.987 | 0.992, 0.999 | 1.008
0.972 | 0.974 ] 0.976 | 0.979 | 0.983 | 0.987 | 0.993 | 0.999 | 1.006
0.976 | 0.977 | 0.980, 0.983 | 0.986 | 0.980 | 0.993 | 0.990 | 1.005
0.982 | 0.983 | 0.985| 0.988 | 0.990 | 0.993 | 0.996 | 0.999 | 1.003
0.901 1 0.991| 0.992 | 0,994 . 0.995 | 0.987 | 0.968 | 1.000 | 1.002
1.001 | 1.001 | 1001 1.001 1.001 | 1.000| 1000, L1000 | L1 000
1,011 | 1.010 [ 1.009 | 1.008  1.006 | 1.005 ' 1.003 5 1.001! 0.998
1.019 | 1.018 | 1.016 | 1,014 | 1.011 | 1008, 1.005| 1.001 | 0.996
1.026 | 1.024 | 1.021| 1018, 1015 101l | 1.006 | 1.001 | 0.995
|

1.028| 1.026 | 1023 | 1.020! 1.017 | 1.013 | 1.008 , 1.001 | 0.994
1.028 | 1.026 | 1.023 | 1.020, 1..017 | 1.013 ] 1.008: 1.00L| 0. 994
1.026 | 1.024 | 1.021 | 1018 1.015| 1011 | 1006 ! 1.001} 0.995
1.019 1. 018 1.016 1.014 | 1.011 1. 008 1. 005 1. 001 0. 996
1011 1,010 1.010 | 1008 i 1.007 | 1.005 | 1.003 | 1.001 | 0.998
1002 | 1.002 | 1.001 | 1.001 | 1.001 | 1.001, 1000 | 1.600 | 1.000
0.901 { -0.992 | 0.992 | 0.994 ‘ 0.995 0.997 | 0:908 | 1.000 | 1,001
0.982 1 0.983 | 0.985| 0.988 | 0.890 | 0.693 | 0.996 | 0.999 | 1.003
0.976 | 0.977 | 0.980 | 0.983 ' 0.986 | 0.989 | 0.993 | 0.999 | 1.005
0.972] 0.974 | 0976 0.970 | 0.983 | 0.987 | 0.993 | 0.999 | 1.006
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TaBLE 6.—Factors for correcting high water and low water to mean ralues—Con.

0.3 0.5 0.7 0.9 11 1.3 1.5 1.7 1.9

to to to to to to to to to

0.4 0.6 0.8 1 1.2 1.4 1.6 \ 1.8 2.0

0.972 | 0.974 | 0.976 | 0.979 [ 0.983 | 0.987 | 0.992 [ 0.999 | 1.006
0.973 | 0.875 | 0.977] 0.980 | 0.984 \ 0.988  0.993 ; 0.999 : 1.006
0.978 | 0.970 | 0,981 | 0.984 | 0,987 | 0.991| 0.994 | 0.999 | 1.005
0.985 | 0.98 1 0.987 | 0.990 ! 0.992 | 0.994; 0,997 | 0.999 | 1.003
0.995| 0.995| 0.996 | 0.996 | 0.997 | 0.998 | 0.999 | 1.000 ; 1.001
1.005 | 1.005) 1.004{ 1.004 | 1.003{ 1.002 | 1.001 ( 1.000 | O0.999
1014 | 1013} 1.012| 1.010; 1.008| 1.006 , 1.004 | 1.001 | 0.997
1.022 ! 1.021 ] 1.0i8§ 1016 | 1.013 | 1.009 | 1.006 | 1.001 | 0.996
1,027 ) 1.025| 1.022| 1.019, 1016 1.012| 1,007 | 1.00L | 0.995
1.028 | 10261 1.023| 10201 1.017| 1.013| 1.008 | 1.001 | 0.994

An examination of Table 6 shows that the factor for correcting
yearly high water to mean high water decreases with increasing
values of the ratio K,+O, to M,. Thus, for a ratio of K,+0O, to
M, of 0.0 to 0.2 it appears that the rise of high water determined
from one year of observations may require a correction as great as
3 per cent to derive a mean value, while, when the ratio is 1.5, this
correction is at most barely 1 per cent. In other words, this correc-
tion is relatively large for tides of the semidaily type and small for
tides of the mixed type.

PRIMARY DETERMINATION

The variations to which the height of high water is subject were,
in the preceding sections, found to be of two kinds, namely, those due
to changes in the height of sea level and those due to changes in the
position of the moon relative to earth and sun. Within a period of
approximately 19 years the more important of the moon’s movements,
in so far as the tide is concerned, will have gone through one or more
complete cycles. And 19 years has been found to give a primary
determination of the plane of mean sea level. It follows, therefore,
that the direct average of all the high waters during a period of
19 years will constitute a primary determination of the plane of
mean high water.

In the discussion of mean sea level it was shown that nine years
of tide observations may be taken, for the practical purposes of
datum plane determination, as giving a primary determination of
the plane of mean sea level. This means that changes in the height
of high water due to changes in the height of sea level may be con-
sidered as eliminated within a period of nine years. In a period of
nine years the only periodic:change in high water that has not gone
through a complete cycle is that due to the change in the longitude
of the moon’s node, and this can be corrected by means of the factor
in Table 6. It is obvious, therefore, that the plane of mean high
water from nine years of observations, when corrected by Table 6,
may be taken to constitute a primary determination of that plane.

The procedure and also the accuracy of the determination of the
plane of mean high water from nine years of observations may be
cxemplified by such determinations from the observations at Fort
Hamilton, N. Y., on the Atlantic coast, and at San Francisco, Calif.,
on the Pacific coast. For the former place the series of observations
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at hand covers the years 1893-1922, and for the latter the years
1898-1925. Three nine-year groups can therefore be used at each
station. From Table 5 the ratio of K,+O, to M, is found to be 0.2
for New York Harbor and 1.1 for San Francisco. With these values
the correction factors for each nine-year group are derived from
Table 6.

Attention must here be directed to the fact that the heights of high
water as tabulated from the tide record refer to some fixed tide staff,
the zero of which is at an arbitrary elevation. In themselves, there-
fore, the heights of high water as they appear in a tabulation are in
@ sense arbitrary, for they have meaning only in reference to the
particular tide staff to which they refer. For example, two inde-
pendent observers establishing tide staffs near. each other would
record the same high water differently. One might find it reading
10 feet on his staff, while the other, near by, might find the same high
‘water reading 15 feet on his staff, depending on the difference in ele-
vation of the zeros of the two staffs,

But if the height of high water, instead of being given with refer-
ence to a tide staff, is given with reference to sea level or half-tide
level, all arbitrariness 1s eliminated. For, no matter what the rela-
tive elevations of the staffs be, all observers at any one place would,
within the limits of error, derive the same height of high water above
sea level; or, if half-tide level instead of sea level is used, they would
derive the same height of high water above half-tide level, And in
this connection it should be noted that, while sea level and half-tide
level can not be used as synonomous with each other, either plane
may be used as reference for high water. In the illustrative examples
given below it will obviously be most convenient to use but one of
these planes, and half-tide level will be used, since this is derived
directly from the tabulation of the high and low waters.

It is clear that in correcting the height of high water for the
longitude of the moon’s node the factors of Table 6 are to be applied
to the height of high water above half-tide level and not to the height
-of high water as given with reference to a tide staff. Below are given
in tabular form the data used in deriving the planes of mean high
water, from groups of nine years, at Fort Hamilton and at San
Francisco.

Mean high water from nine years of observations

Fort Humilton, N. Y. San Francisco, Calif.
; Mean Mean
High A . High A
Nine-year . Half- , high Nine-year Half- high
gronp g;gﬂ tide x;‘otf{ Factor | water group gg%é‘r tide m’g\?; Factor | water
on | level | "he” | from | above al level | "y from | above
staff on tide Table 6] half- staff on tido Table6| half-
‘ staff level tide staft level tide
level level
. . i R [EURNEE. B (UM e |
Feel | Feet Feet } Feet Feet | Feet | Feel Feet
1893-1901._.] 8.1%8 5. 89 2,29 1.012 2.32 || 1898-1906. .| 10. 55 8. 57 1.98 | 0.990 1.96
1002-1910._.{ 8.32 | & 94 2.38 . 986 2.35 || 1907-1915__1 10. 59 | 8.64 L5 1.000 1.97
1911-1919. ) 8.32 5. 98 2,34 1.015 2.38 || 1916~1924__} 10. 57 8. 58 199 ] .992 1.97
- - S - - ! - — R

The second and eighth columns of the table give the average
heights of all the high waters referred to the staff at each of the
places for the nine-year periods in question and are taken from
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the tabulations. The third and ninth columns give the heights of
half-tide level on staff for the corresponding periods, while the
fourth and tenth columns give the heights of high water above half-
tide level for these periods. It will be noted that the values in
the columns giving high water above half-tide level are, for each of
the stations, more nearly equal than are the values for high water
on staff. This, obviously, i1s due to the elimination of the varia-
tions in high water due to changes in sea level.

The direct average of the observed heights of high water over a
period of 19 years constitutes the best determination of the plane
of mean high water. For Fort Hamilton this gives 2.34 feet above
half-tide level for the 19-year period 1893-1911 and 2.37 feet for
the 19-year period 1904-1922. For San Francisco high water above
half-tide level is 1.97 feet for each of the two overlapping 19-year
periods 1898-1916 and 1907-1925. Comparing the values derived
for the plane of mean high water from the nine-year periods in
the table above, it is seen that these are within 0.01 or 0.02 foot of
the 19-year values for both Fort Hamilton and San Francisco. It
appears, therefore, that nine years of observations, corrected by the
factor for the longitude of the moon’s node, give the average rise
of high water above half-tide level correct within one or two hun-
dredths of a foot; or, expressed as a percentage of the rise of high
water above half-tide level, correct within 1 per cent. Hence the
plane of mean high water based on nine years of observations and
corrected to a mean value may be taken to constitute a primary de-
termination of this plane.

SECONDARY DETERMINATION

For a series of observations varying in length from less than a
month to one or more years two different methods may be used
to derive a mean value of the plane of mean high water. The
results from the tabulation may be corrected either by Table 6 or
by comparison with the results of simultaneous observations at a
near-by station for which a primary determination is at hand. The
procedure and accuracy attainable will be illustrated below for
periods of various lengths.

Year—To exemplify the determination of the plane of mean high
water from one year of observations, the observations at Fort Hamil-
ton and at San Francisco for each of the three years 1913, 1918, and
1922 may be used. These three years are chosen because the factor
in Table 6 has for 1913 a maximum value, for 1918 approximately
a mean value, and for 1922 a minimum value. The plane of mean
high water will be determined first by means of Table 6 and then by
means of comparison with simultaneous observations at some near-
by station. As before, the ratios of K,+O, to M, for use in Table
6 are derived from Table 5.

It is clear that the correction factors are to be applied to the rise
of high water above sea level or half-tide level and not to the reading
of high water on the staff. Therefore in the examples following it
will be unnecessary to give the height of high water on staff and the
corresponding height of half-tide level on staff. The height of high
water above half-tide level will be given instead. These heights, the
correction factors, and the derivet% values of mean high water for
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Fort Hamilton and San Francisco for the years 1913, 1918, and 1922
are given below in tabular form.

Mean high water from one year of observations

Fort Hamilton, N. Y. San Francisco, Calif.
Mean i Mean
ver e pove | Factor | nigh water | TUELSTRIST| - Factor | high water
half-tide from above half-tide rorm above

Table 6 half-tide level Table 6 half-tide
| level level

Feet Feet Feet Feet

1013 2.20 1.029 2.38 1.96 1.017 1.99
1018 2.39 . 805 2.38 1.98 . 997 1.97
1922 L eaeas 2.45 871 2.38 1.99 .983 1.96

For Fort Hamilton the values of mean high water derived from
the three years of observations are in very good agreement with each
other and with the primary value of 2.37 feet. The primary deter-
mination of mean high water at San Francisco makes it 1.97 feet
above half-tide level. The greatest difference between the values
derived from each of the three years and this primary value is 0.02
foot. It may be taken, therefore, that with respect to half-tide level
a secondary determination of mean high water from one year of
observations, when corrected by Table 6, gives results correct to
within several hundredths of a foot or within 2 per cent of the rise.

The method of deriving mean high water by comparison of simul-
taneous observations may be illustrated by the observations at the two
stations used above. It is important to note that, in choosing a
station for comparison, care must be taken to choose one which has a
like ratio of K,+ O, to M,. Since along the Atlantic coast of the
United States this ratio is very nearly the same, any station along
that coast may be used as comparison station for Fort Hamilton,
though, obviously, the nearer the station the better. Atlantic City,
N. J., would undoubtedly be the best comparison station, but, to test
the applicability of a station a considerable distance away, Fernan-
dina, Fla., will be taken. For San Francisco, San Diego, Calif.,
will be taken as comparison station.

The determination of mean high water by the method of com-
parison of simultaneous observations is based on the fact that for
similar types of tide the percentage increase or decrease in the rise
of high water is the same for a given period of time. Thus, a
primary determination of mean high water at Fernandina for the
19-year period 1905-1923 gives it as 3.00 feet above half-tide level.
For the year 1913 high water at Fernandina was 2.94 feet above half-
tide level. It follows, therefore, that the 1913 value must be in-
creased by the ratio 3.00+2.94 or 1.020 to bring it to the mean value.
And hence for 1913 the rise of high water at other stations on the
Atlantic coast having a similar type of tide must be multiplied by
1.020 to give mean high water, if Fernandina is used as a comparison
station.

Below, in tabular form, are given the results for the three years at
both Fort Hamilton and San Francisco. For San Diego a primary
determination of mean high water above half-tide level is 1.96 feet.
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In the table mean high water at the comparison station is given in
abbreviated form as MHW,

Mean high water from one year of observations

. Fort Hamilton, N. Y. I San Francisco, Calif.

(Comparison station, Fernandina, ( (Comparison station, San Diego,
MHW =300 feet) MHW =1.96 feet)
Year ! B B ; | M_W
High \ High I‘,f;g;lﬂ High | High | 1 high'
water | water Factor water water water Factor water
above | at com- | for cor- | 3. above | at com- | forcor- | 4o 0e
half-tide | parjson l rection |y rriide | Ralf-tide | parison | rection | g ogeiize
level l station } Tevel level | station \‘ Tevel
! e e
Feet Feet | Feet Feet Feet | Feet
1913 .. 2,29 2.94 I 1. 020 2,34 1.96 1.93 1016 1. 6p
1008 oo 2.39 3.01 . 997 2.38 1.98 1.96 4 1.000 1.98
19220 ... ... 2.45 3.09 l .971 2.38 1.99 1.97 ‘ . 995 l 1.98

The primary determination of mean high water above half-tide
level at Fort Hamilton for the 19-year period 1904-1922 being 2.37
feet, it is seen that the correction to mean value of one year of obser-
vations by the method of comparison of simultaneous observations
gives resuits correct within 0.08 foot. For San Francisco the primary
value of mean high water is 1.97 feet, so that the method of compari-
son gives for that station results correct to within 0.02 foot. This
is also the precision with which mean high water was derived through
correction by means of Table 6. It may be taken, therefore, that high
water derived from one year of observations can be corrected to a
mean value by either method within several hundredths of a foot
of a primary value, or correct to within 2 per cent of the rise of high
water.

Month.—The determination of the plane of mean high water from
a month of observations is in all respects similar to that for a year.
The values in Table 6 are computed for July 1 of each year, so that
values for each month of the year can be determined by interpola-
tion. As an example of the accuracy attainable from one month of
observations, by use of Table 6, the observations for the years 1913
and 1918 at Fort Hamilton and San Francisco may be used. For
purpose of illustration it will be sufficient to take every other month
of each year.

Since the months of the moon’s phase, distance, and declination
are respectively 2914, 2714, and 2714 days, the variations in the
height of high water from day to day due to changes in the position
of the moon will be more nearly eliminated in 29 days than in a
month of 30 or 31 days. For that reason it is better to use a group
of 29 days in deriving mean high water by use of Table 6. In the
table below the values for each month are for a group of 29 days,
beginning with the 1st of the month.
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Mean high water from one month of observations, Fort Hamilton, N. Y.

1013 1918

Month : Meagn high {15: . Mean high
LA, ot pactor trom water abovel L0 ALE puctor trom water bove
tide level Table 6 half-tide tide level Table 6 half-tide

level level

Feet Feet Feet Feet
2.35 1. 029 2,42 2.35 1. 000 2.35
2.33 1. 029 2.40 2.37 . 998 2.37
2.28 1,029 2,35 2.42 . 996 2.41
2.2 1. 029 2.36 2.42 . 995 2. 41
2,27 1. 029 2.34 | 2.39 . 993 2.37
2.31 1. 029 2.38 2.36 . 991 2. 34

i

For Fort Hamilton the primary determination of the plane of
mean high water is 2.37 feet above half-tide level. As derived in the
table above from a month of observations, the greatest difference from
the primary value is 0.05 foot. It appears, therefore, that one month
of observations, when corrected by Table 6, gives the plane of mean
high water, with respect to half-tide level, correct to within 0.1 foot.
The results for the same years at San Francisco follow:

Mean high water from one month of observations, San Francisco, Calif,

1913 1918
Month : Mean high ‘ Mean high
l:{)%}:, ev;:gﬁr Factor from|water above Igtj’%l"] ev;'l:%gr Factor from|water above
tide level | ToPIO6 | halftide |%qqjevel | Table6 | halttide
Feet Feet Feel Feet

January.. .. ... . 2.01 1.017 2.04 1,99 1. 000 1.99
March.._____......... L97 1.017 2.00 1.94 . 909 1.94
May..... - 1. 92 1.017 1.95 .94 . 998 164
July__..._._ . 1.92 1.017 1. 96 1.98 997 1.97
September_ - 1. 99 1. 017 2,02 1. 99 . 996 1.98
November. . 1.99 1. 017 2,02 2.01 . 996 2.00

For San Francisco a primary determination of mean high water
above half-tide level is 1.97 feet. The greatest difference in the
table above from this mean value is that for January, 1913, whick
is 0.07 foot. It may therefore be taken that one month of observa-
tions, corrected by Table 6, will determine the plane of mean high
water, with respect to half-tide level, within 0.1 E())ot.

From a month of observations the plane of mean high water may
also be determined by com{)arison with simultaneous observations at
some station having a similar type of tide. As an example, we may
take the same stations used for deriving the plane by means of Table
6. It will be better, however, to choose a comparison station for
Fort Hamilton not so far away as Fernandina, which is about 800
miles distant, since within a month meteorological conditions may be
quite different at the two places. Therefore Atlantic City will be
chosen as comparison station for Fort Hamilton, but San Diego will
again be used as comparison station for San Francisco.

At Atlantic City the primary determination of mean high water is
2.02 feet above half-tide level. For the month of January, 1913,
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high water was 1.96 feet above the corresponding monthly value of
half-tide level, and therefore the factor 2.02-+-1.96=1.031 is indi-
cated as the correction factor to bring the monthly value for January
to a mean value. At Fort Hamilton for that same month higlzn
water was 2.35 feet above half-tide level. Hence mean high water
would be 2.35X1.081=2.42 above half-tide level. The results for

every other month of the two years 1913 and 1918 at Fort Hamilton
are shown below.

Mean high water from one month of observations, Fort Hamilton, N, Y.

1913 1918
N Mean { Mean
High High High High
Month water | water | Factor vl;liagtgr water | water | Factor Vlv];%gr
above | atcom- | forcor- | oy, above | at com- | forcor- | 4o
half-tide | ‘parison | rection |y 1oiiq. | half-tide | parison | rection | povpis,
level | station ove level | station leve
Feet Feet Feet Feet Feet Feet
January_. ... ___. 2.35 1,96 1.031 2.42 2.35 1.98 1.020 2.40
March.____ 2.33 1.99 1. 015 2.36 2.37 2.05 085 2.33
May.. ... 2.28 1.95 1. 038 2.36 2.42 2.03 995 2.41
July...____. 2.2 1.95 1. 036 2.37 2.42 2.08 081 2.37
September. 2.27 1.97 1,025 2.33 2.39 2,04 2.37
November. 2.31 197 1. 026 2.37 2.36 199 1. 015 2.40

Comparing the values derived for the plane of mean high water
in the above table with the primary determination of 2.37 feet for
Fort Hamilton, it is seen that from a month of observations this
plane, with respect to half-tide level, can be derived within 0.1 foot
of a primary determination, by comparison with simultaneous
observations.

For San Francisco the results derived for every other month of
the years 1913 and 1918 are given in tabular form below. The com-

arison station is San Diego, at which the plane of mean high water
1s 1.96 feet above half-tide level.

Mean high water from one month of observations, S8un Francisco, Calif.

1913 1918
: Mean ; Mean
High High B High High
Month water water Factor vlv}:agtgr water water Factor :vl;gtgr
above | atcom- | for-cor- above | atcom- | for cor-

v A bove s : above
half-tide | parison | rection 8 ot half-tide | parison | rection
level | station balttide ) Th 00" | station

Feet Feet Feet Feet Feet Feet
January .. ooooenon. 2,01 1.94 1010 2,03 1.99 1. 95 1. 005 00
March__... - 1.97 1.98 . 990 1. 956 1. 94 1.98 . 980 1.92
May. ..., - 1,92 1.62 1.021 1,98 1.84 195 1. 005 1. 95
July.._. ... . 1.92 1. 86 1. 064 2.02 1,08 1.99 . 985 1.96
September- .. - 1.99 1.99 . 985 1.96 1.99 1.97 995 1.98
November............ 1.99 1,01 1.026 2,04 2.01 1.91 1.026 2.08

The primary determination of mean high water above half-tide
level at San ¥rancisco is 1.97 feet. From the values in the above
table it is seen that the plane of mean high water, determined from
one month of observations by comparison with simultaneous observa-
tions at a suitable station, will be correct within about 0.1 foot.
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This, likewise, was the degree of accuracy obtained from a month of
observations when corrected by means of Table 6.

Day.—Where the plane of mean high water is to be determined
from one or several days of observations, the most practical method is
by means of comparison with simultaneous observations, or with the
predicted tides, at some suitable station ; that is, at some station hav-
Ing a similar type of tide. The accuracy with which this plane may
be determined from a day of observations may be illustrated by sev-
eral such determinations for Fort Hamilton and San Francisco dur-
ing the month of May, 1913, making use, as before, of Atlantic City
and San Diego as comparison stations. The data for every fifth day
of the month, in tabular form, are given below.

Mean high water from one day of observations

Fort Hamilton, N. Y. San Francisco, Calif.
(Comparison station, Atlantic City, ! (Comparison station, San Dicgo,
MH W =2.02 feet) \ MHW =196 feet)

| [
Date ’ N
High | High ‘ 1}@}1‘“ High | High \’ 1}]‘;;;]“
water water |, . ! water water § I wate
dhove | arcom. Fatorfor waler | Ghove | ofcom. Factorfor] vt
half-tide | parison |* | ha]Mi((ie half-tide | parison jcOrrection half-li:h
level statjon level level station ‘ 1('\""] e
Feet Feet . Feet Feet 1‘ Fect
1. 85 1. 50 L35, 2,50 | 1. 65 1. 80 1.09 | 1, 80
2. 53 218 .93 2,35 \ 2.05 2.20 .89, 1. 82
2.13 1.78 113 2.41 | 1. 80 1.48 1.32 " 2.38
2.58 2.27 .89 2,30 ¢ 2. 20 2.25 . ‘ 1,91
2,82 2.45 .82 2.31 ‘ 2.20 2,35 .83 1. 83
1.72 1.45 1.39 | 2.39 | 1. 55 1.25 167 ¢ 2,43
1.40 1. 57 129! 2.45 | 158 1. 635 119 i 148
i !

It is to be noted that the heights given in the second and third
columns of the table for Fort Hamilton and in the first and second
columns for San Francisco are not the heights of high water meas-
ured on the staff but the heights of high water above the half-tide
levels for the respective dates; that is, from the height of high water
for any day in question the height of half-tide level for that day was
subtracted.

For Fort Hamilton the primary determination of mean high water
is 2.37 feet above half-tide level. For the seven days of May. 1913,
shown in the table above, the mean high-water values derived in no
case differ by more than 0.1 foot from the primary determination.
For San Francisco the primary determination of mean high water is
1.97 feet above half-tide level, and here the values of mean high
water from one day of observations are in every case within 0.4 foot
or less of the primary value. In general, it may be taken that one
day of observations, after correction by comparison with a station
even several hundred miles away, will determine the plane of mean
high water with respect to half-tide level within half a foot.

At times it becomes mnecessary to determine the plane of mean
high water from one or several days of observations when simul-
taneous observations at some other station are not at hand for
comparison. In such cases the predicted tides for the days in ques-
tion at some suitable station, as given in the tide tables, may be used
for comparison. It is to be recalled that the variation from day to

50008—27 T
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day in height of high water above sea level is very largely of a
periodic character; hence this can be taken account of in predicting
the tides. As examples in the use of predictions for comparison, we
may take the same days in Maly, 1913, at San Francisco and Fort
Hamilton as used above. To illustrate the various steps involved,
it will be of advantage to give as a part of the data also the heights
of high water on the staff for each day in question.

The tide tables are published annually and are available about
six months prior to the year for which the predictions are made. For
the year 1913 the tide tables give predictions for two stations but
few miles from Fort Hamilton, namely, Governors Island, N. Y.,
and Sandy Hook, N. J. Either of these would be suitable for use
as comparison station for Fort Hamilton. But to emphasize the
fact that, if the type of tide is about the same, a station at a consid-
erable distance may be taken for comparison, we may use the predic-
tions for Portland, Me., some 300 miles northeast of Fort Hamilton.
That station is suitable, since Table 5 shows approximately equal
ratios for K, + O, to M, at the two stations. From the table of tidal
data in the tide tables we find the mean range of tide at Portland
to be 8.9 feet. And since the range is the distance between low water
and high water, it follows that the plane of mean high water lies
4.45 feet above the plane of half-tide level. The data used and the
results derived for Fort Hamilton are given in tabular form below.
The half-tide level for each day was derived as the half sum of the
heights of the average high water and the average low water of
the day.

Mean high water from one day of observations, Fort Hamilton, N. Y.
[Comparison station, Portland (predictions), MHW =4.45 feet ahove half-tide levei}

‘ Mean b
; Hali-tide | Highwater | High water ! ean high
High water : Factor for {water above
Date level on | above balf- | at compari- |
on staff staff tide level | son station ' cOrrection hs‘.g;glde
1913 Feet Feet Feet Feet I Feet
7. 60 5.78 4. 85 3.40 ! 131 2.42
8. 38 5. 82 2.53 4,32 i 1.03 261
7.85 572 2.13 4.13 : 1.08 2.30
8,70 6.12 2. 58 4.62 .96 2.49
8.70 5. 88 2,82 4.95 .90 2.54
7.80 6. 08 1,72 3.45 ! 1.29 2.22
7.80 5.90 1.90 3.48 ; 1.28 2.43

The values derived for mean high water at Fort Hamilton by
comparison with predictions at Portland agree well with the values
derived for the same days by comparison with simultaneous observa-
tions at Atlantic City (p. 91), the greatest difference being 0.3 foot
Comparing these values with the primary determination of mean high
water at Fort Hamilton, 2.37 feet, it is seen that in no case is the
difference greater than 0.2 foot.
~ The tide tables give predictions for San Diego, Calif., and we may
therefore use these for deriving a mean value of high water from the
‘observations at San Francisco for every fifth day of May, 1918. The
procedure is in all respects similar to that used in deriving this plane
for Fort Hamilton in the example just preceding. Since the mean
range of the tide at San Diego is 3.9 feet, the plane of mean high
water is 1.95 feet above half-tide level.
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Mean high water from one day of observations, San Francisco, Calif..

[Comparison station, San Diego (predictions), MIIW =[.95 feet above half-tide level]

ST T T

] . ; . Mean high
: Half-tide | High water | High water
High water . Factor for \water above
Date level on | above half-| at compari- y %
on sta staft tide level |son station| Correction h‘}gvtg]de
Feet Feet Feet Feet Feet
9. 75 810 1. 65 1.63 1,20 1.98
10, 60 8. 55 2,05 2.0 .95 1.95
10. 30 8. 50 1. 80 1. 50 1.30 2, 34
10,45 8.25 2.20 2.15 Lo 2,00
10,75 | 8. 55 2.20 2.15 .9 2. 00
10. 25 8. 70 1. 56 1,13 1.73 2,68
10. 20 8. 62 1.38 1.50 1.30 2,05

The values derived for mean high water at San Francisco for the
seven days above are, with one exception, within half a foot of the
primary value, which is 1.97 feet. For May 26 the value is 0.7 foot
greater than the primary value, and this is due to the very large
correction factor for that day, namely, 1.73. In general, it appears
that from one day of observations the plane of mean high water,
with respect to half-tide level, can be determined within half a foot
of its primary value by comparing with predicted tides at a suitable
station.

EXAMPLES FROM A STATION HAVING A LARGE RANGE OF TIDE

In the examples illustrating the determination of the plane of mean
high water from observations covering various periods of time, Fort
Hamilton and San Francisco were chosen because of the long series
of continuous observations at these places. It happens, however,
that the range of the tide at these places is moderate, averaging 4.7
feet at Fort Hamilton and 3.9 feet at San Francisco. This is reflected
in the moderate rise of high water above half-tide level, the primary

. determination of which was found to be 2.37 feet for Fort Hamilton
and 1.97 feet for San Francisco. The question may therefore arise
whether at places having large ranges of tide, mean high water can
be determined with as much precision as at places having moderate
ranges.

There are but few regions in the United States where the range of
tide averages more than 10 feet, and in these regions there are unfor-
tunately no long-continued series of tide observations. Thus,at East-
port, Me., the range of the tide is somewhat more than 18 feet, but
the observations are not of sufficient extent to give a primary deter-
mination of mean high water. At Anchorage, Alaska, the tide has a
very considerable range, averaging more than 25 feet. But here,
likewise, the observations do not cover a sufficient period of time. At
Ketchikan, Alaska, however, there are continuous observations since
1919 and scattered observations prior to that time. Here the tide has
a range of 13 feet, and we may therefore use these observations to
illustrate the determination of the plane of mean high water at a place
having a relatively large range of tide.

Taking first the yearly values of high water, the table below gives
in the successive columns for each year the reading of high water on
staff, the corresponding reading of half-tide level on staff, high water
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above half-tide level, correction factor from Table 6, and the derived
value for mean high water above sea level. From Table 5 (p. 82), the
value of K, +0O, to M, for Ketchikan is 0.4, and it is with this value
that the correction factors are derived from Table 6.

Mean high water from one year of observations, Keichikan, Alaska

High wa- | Halftide | BB WA | pogtor | Moan bigh

Year ter on level on half-tide from halt-tide
staff staff level Table 6 level

Feet Feet Feet Feet

20.88 14.30 6. 58 0. 985 6.48

20, 87 14,23 6. 64 .979 8. 50

20. 96 14,28 6.68 .973 8. 50

20.75 14.09 6. 66 .972 6.47

20,92 14.25 6.67 .972 6.48

20. 83 14.19 8. 64 . 976 6.48

20. 85 14,26 6.59 . 982 6.47

The average of the mean high waters for the seven years from
1919 to 1925 is 6.48 feet above half-tide level; and since this, ob-
viously, must be very close to a primary determination, it will be
taken as a primary value.” For each of the seven years it is seen
that, after correction by Table 6, the mean high water derived is
within 0.02 foot of a primary determination. This agrees very
well with the results derived for Fort Hamilton and San Francisco
from a year of observations. Expressed as a percentage of the rise,
one year of observations at Ketchikan, after correction, determines
the plane of mean high water with reference to half tide within 6ne-
half of 1 per cent of the rise of high water. :

Taking up now the determination of mean high water from a
morith of observations at Ketchikan, we may illustrate the precision
by taking every other month of three years, namely, the first year,
the middle year, and the last year, which are, respectively, 1919,
1922and 1925, It will be unnecessary in this case to give the de-
tails of high-water and half-tide level-on staff. It will be recalled
that for correction, by means of Table 6, 29 days of observations are
better than a calendar month. In the table below the data are for
29-day groups, beginning the 1st of the month.

Mean high water from one month of observations, Ketchikan, Alaska

1919 1922 ) 1925

High Mean | High Mean | High Mean
Month water | Factor | high water | Factor | high water | Factor | high
above | from water | above | from water | above | from water
half- | Table | above half- | Table | above half- | Table | above
i 8 half-tide | tide ] half-tide

level level level level level level

Feet Feet Feet Feet Feel Feet
January.. . __....._. 6,45 | 0,990 6.39 6.55 | 0.972 6,37 6.51 | 0.979 6.37
March. .. ... 6.64 . 988 6. 56 6.60 .972 6.42 6. 40 . 980 8.
May._. 6. 54 . 986 6. 46 6. 60 .72 6.42 6.36 L 981 6,24
July_.._. 6. 59 . 985 6.49 8.77 .972 6.58 8.56 . 982 6.44
September. - 8. 685 . 984 8. 54 6. 81 .972 6.62 6,82 . 984 6.71
November. 6. 58 . 983 6. 47 6. 60 972 6. 42 6. 62 . 985 6.52
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Accepting 6.48 feet above half-tide level, derived from the seven
years of observations, as giving a very close approximation to the
primary value of mean high water at Ketchikan, it is seen that the
values derived for the different months of the three years differ by
as much as 0.24 foot from this primary value. Of those 18 monthly
values, six differ by more than 0.1 foot from the primary value. In
part, however, these relatively large differences are due to the fact
that at Ketchikan there is an annual variation in the rise of high
water above sea level which is characteristic of tidal streams subject
to considerable variation in the fresh-water flow.

Prior to 1919 tide observations were made at Ketchikan for a
month or more during the summers of 1911, 1914, and 1915. It
will be of interest to derive mean high water from one month of
observations for each of those years for comparison with the results
obtained above. In the table following, the data for September,
1911, June and September, 1914, and June and September, 1915, are
given. As before, the data refer to groups of 29 days, beginning
with the 1st of the month.

Mean high weater from one month of observations, Ketchikan, Alaska-

Mean high
Half-tide | High water {
High water . | Factor from{water above
Month level on |above ha'f-
on staff Table 6 half-tide

stafl tide level Tevel

Feet Feet Feet Feet
September, 1911 _.___ . _____________._._. 20. 31 13.90 6. 41 1.024 6. 56
June, 1814__ ____._._ .—- 18.41 12. 14 6. 27 1.027 6. 44
September, 1914__ 18. 90 12.42 8.48 1.026 8.85
June, 1915___.__.... .- 18,27 12.02 6.26 1.022 6.39
Septemnber, 1915, . oo 18. 56 12.18 6.38 1.020 8.51

Since the primary value of mean high water at Ketchikan is 6.48
feet above half-tide level, it is seen that the values derived from the
five months in 1911, 1914, and 1915 are approximately within 0.1
foot of the primary value. Attention is again directed to the fact
that the value derived for the month of §eptember in each of the
three years is above the mean value. This, it will be recalled, was
found to be the case for the value derived for September, 1919, 1922,
and 1925, when mention was made of the existence in the Ketchikan
tide of an annual variation in the rise of high water above sea level.

From the foregoing it appears that, in general, a month of obser-
vations at Ketchikan will determine mean high water in relation
to sea level apgroximately within 0.1 foot of a primary value, de-
spite the fact of a range of 13 feet and of an annual variation in the
rise of high water above sea level. And it was within 0.1 foot that
a month of observations was found to give mean high water at San
Francisco and Fort Hamilton.

To illustrate the accuracy with which mean high water may be
derived from a day of observations at Ketchikan, it will be of ad-
vantage to test both the method of comparison with simultaneous
observations and the method of comparison with predictions. From
Table 5 (p. 82) it is seen that Seldovia has a ratio of K, +O, to M,
of 0.41, which is very close to the Ketchikan ratio of 0.43. Seldovia
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is therefore suitable as a comparison station. Simultaneous observa-
tions are at hand for September, 1911 ; and since the year 1917 predic-
tions for Seldovia have been included in the tide tables issued an-
nally;in advance, by the Coast and Geodetic Survey.

The mean range of the tide at Seldovia is 154 feet; hence mean
high water is 7.7 feet above half-tide level. In the table below the
plane of mean high water is determined from each of four days, of
observations in September, 1911, and September, 1925. For 1911 the
values of high water above half-tide level at Seldovia are taken from
observations, while for 1925 they are taken from the tide tables.

Mean high water from a day of obsercations, Ketchikban, Alaska
{Comparison station, Seldovia, MHW==7.7 feet above half-tide Jevel)

. | Halttide | High water | High water Mesu high
Date ]ngh water | Javelon above hall- | at compari- Factor for |water above
on staft ' stafl tide level |son sta%ion correction h“‘éi;gde
1911 I Feet Feet Feet Feet Feet
September 1 ... ._..._..._... | 16.8 13.7 3.1 3.1 2.48 7.7
September 10_ . _____.__.___... : 22.2 13.8 8.6 10.6 .13 6.3
September 20 .. ._...... _ . .} 22.1 ¢ 14.3 7.8 9.6 .80 6.2
ptember 30___ . ... ... . . . ,
September 30 ’ 16.9 14.0 2.9 2.9 2.66 7.7
: 1925 ,
September 1. .. __.. .. ... i 22.9 14.0 8.9 10.7 .72 6.4
September 10. .- s 18.0 14.2 3.8 4.0 1.92 7.3
September 20 _.._. v caman 1 21.8 13.6 8.2 9.9 78 8.4
e rd0. L. . N 3 . (L .
September 30 ‘ 22.6 13.7 8.8 10.6 kt 6.4

The primary value of mean high water at Ketchikan is, to the
nearest tenth of a foot, 6.5 feet above half-tide level. Comparinﬁ
with this primary value the values of mean high water from eac
of the eight days of observations above, it is seen that of these eight
determinations five differ by less than 0.5 foot from the primary
value, one differs by 0.8 foot, and two by 1.2 feet. It will be noted,
however, that the larger differences occur on days when the factor
for correction has a value considerably greater than 1; that is,
on days when the rise of high water was much less than the average.

SUMMARY

In the preceding sections it was found that the height to which
high water rises varies considerably from day to day and from
month to month and, in lesser degree, from year to year. This
variation is of two kinds—the first, in response to changes in the
phase, distance, and declination of the moon; and the second, in
response to the variation in sea level. With the exception of the
variation due to change in longitude of the moon’s node, the varia-
tions due to changes in the position of the moon balance out very
largely within a month, o that in a sense the variation due to
changes in sea level is the primary variation. _

It was found, too, that the rise of high water above half-tide
level, from observations covering periods of a month or more, may
be corrected to a mean value either by factors derived from theo-
retical considerations or by comparison with simultaneous observa-
tions at some suitable primary station. DBut in this comparison type
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of tide, and not nearness, determined suitability. In this regard
the correction of high water to a_mean value differs from the like
correction of sea level, in which the suitability of a station for
comparison purposes depends on the existence of like meteorological
conditions. ¥urthermore, in correcting sea level to a mean value.
the changes in height at two near-by stations were taken as the
same, whereas the changes in the rise of high water are taken as
proportional. ;

In general it may be taken that, when corrected to a mean value,
a year of tide observations will determine the rise of high water
above half-tide level correct within 0.05 foot, a month within 0.1
foot, and a day within 0.5 foot. However, in regions of large range
of tide, and of considerable variation in the rise of high water, a
day of observations, especially when the factor for correction differs
considerably from 1.00, may give a value differing by a foot or more
from a primary value.

It should be noted that mean high water is determined with re-
sKect to half-tide level which is itself subject to variations. Hence
the accuracy with which the plane of mean high water can be de-
termined depends also on the accuracy with which the plane of half
tide level is determined. The degree of accuracy in deriving mean
high water, noted above for observations covering various periods
of time, refers only to the rise of high water above half-tide level.

To determine the plane of mean high water from any given series
of observations the plane of half-tide level must first be determined;
then the rise of high water above half-tide level is corrected to a
mean value, and this gives the plane of mean high water above the
plane of half-tide level.

IX. MEAN LOW WATER

VARIATIONS IN FALL OF LOW WATER

The variations in the fall of low water resemble closely those in the
rise of high water, especially in regard to those depending on the
moon’s position. Not only does the tide rise higher than usual at
the times of full and new moon, but it also falls lower, while at the
times of the moon’s first and third quarters the less-than-average
rise of high water is accompanied by a fall in low water also less
than average. Similarly, when the moon is in perigee the fall, like
the rise, is greater than usual, while at the time of the moon’s apogee
the rise and also the fall are less than usual. :

The periodic semimonthly change in the declination of the moon
brings about variations in the fall of low water, causing consecutive
low waters to differ. This diurnal inequality in the low waters neces-
sitates the distinction between higher low water and lower low water.
When the moon is near its semimonthly maximum declination, the
two low waters of a day show the greatest difference in fall, and
when the declination of the moon is small—that is, when the moon
1is n:ar the Equator—the difference between the two low waters is
east.

For the sake of clearness it will be of advantage to distinguish
between “height of low water” and “fall of low water.” The
formér term will be used when it is the height of low water as
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of tide, and not nearness, determined suitability. In this regard
the correction of high water to a_mean value differs from the like
correction of sea level, in which the suitability of a station for
comparison purposes depends on the existence of like meteorological
conditions. ¥urthermore, in correcting sea level to a mean value.
the changes in height at two near-by stations were taken as the
same, whereas the changes in the rise of high water are taken as
proportional. ;

In general it may be taken that, when corrected to a mean value,
a year of tide observations will determine the rise of high water
above half-tide level correct within 0.05 foot, a month within 0.1
foot, and a day within 0.5 foot. However, in regions of large range
of tide, and of considerable variation in the rise of high water, a
day of observations, especially when the factor for correction differs
considerably from 1.00, may give a value differing by a foot or more
from a primary value.

It should be noted that mean high water is determined with re-
sKect to half-tide level which is itself subject to variations. Hence
the accuracy with which the plane of mean high water can be de-
termined depends also on the accuracy with which the plane of half
tide level is determined. The degree of accuracy in deriving mean
high water, noted above for observations covering various periods
of time, refers only to the rise of high water above half-tide level.

To determine the plane of mean high water from any given series
of observations the plane of half-tide level must first be determined;
then the rise of high water above half-tide level is corrected to a
mean value, and this gives the plane of mean high water above the
plane of half-tide level.

IX. MEAN LOW WATER

VARIATIONS IN FALL OF LOW WATER

The variations in the fall of low water resemble closely those in the
rise of high water, especially in regard to those depending on the
moon’s position. Not only does the tide rise higher than usual at
the times of full and new moon, but it also falls lower, while at the
times of the moon’s first and third quarters the less-than-average
rise of high water is accompanied by a fall in low water also less
than average. Similarly, when the moon is in perigee the fall, like
the rise, is greater than usual, while at the time of the moon’s apogee
the rise and also the fall are less than usual. :

The periodic semimonthly change in the declination of the moon
brings about variations in the fall of low water, causing consecutive
low waters to differ. This diurnal inequality in the low waters neces-
sitates the distinction between higher low water and lower low water.
When the moon is near its semimonthly maximum declination, the
two low waters of a day show the greatest difference in fall, and
when the declination of the moon is small—that is, when the moon
1is n:ar the Equator—the difference between the two low waters is
east.

For the sake of clearness it will be of advantage to distinguish
between “height of low water” and “fall of low water.” The
formér term will be used when it is the height of low water as
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measured on some fixed staff that is in question. By fall of low
water will be understood the depth or distance of low water below
sea level. As tabulated from the tide record the height of low water
is referred to a staff. For example, the specimen sheet of the tabu-
lation shown in Figures 19 and 20 gives the height of each low water
at San Francisco, Calif., for the month of June, 1920, referred to
the tide staff at that place.

Glancing down the column of low waters of the tabulation shown
on Figures 19 and 20 it will be seen that during the month the height
of low water varied considerably. Differences of as much as 4 feet
between consecutive low waters occur several times during the month,
while the difference between the highest low water and lowest low
water for that month was as much as 5 feet. Figure 45, which repre-
sents a plotting of those heights, brings out the variations in the
successive low waters very clearly.

In addition to illustrating the variations in the height of successive
low waters, Figure 45 also brings out the relation of the height of
low water to the position of the moon with respect to earth and sun.
When the declination of the moon is small-—that is, when the moon
is close to the Equator (in Figure 45 about the 9th and 22d of the
month)—successive low waters do not differ much; near the times
of the moon’s maximum north or south declination (the 1st, 15th,
and 29th of the month) the difference between successive low waters
is greatest. The low water on the morning of the 17th was 4.2 feet
lower than the preceding low water and 4.0 feet lower than the suc-
ceeding one, Figure 45 also brings out the fact that it is not at all
unusual for a low water to be above mean sea level, as happened on
the 3d, 4th, 5th, 28th, 29th, and 30th of the month.

The various cycles of the moon’s motions have different periods.
The phase cycle has a period of 2914 days, while that of the moon’s
parallax or distance is 2714 days, and that of the moon’s declination
18 2714 days. It follows, therefore, that various combinations of the
different cycles can occur, introducing different variations in the
height of low water at any given place. For example, on June 1,
1920, the augmented fall of low water that should have occurred be-
cause of full moon was reduced because the moon was then close
to apogee. Similarly, on the 16th and 17th there are not only great
differences in the heights of successive low waters due to the moon be-
ing close to its maximum fortnightly declination, but the average
fall of the low waters on those days is greater than usual because
of new moon and perigee.

The variations in low water discussed above are in response to
astronomic causes. There are also variations due to changes in wind
and weather. Obviously, therefore, the term “ plane of low water ”
is ambiguous, for there are various planes of low water—mean low
water, lower low water, higher low water, spring low water, neap
low water, perigean low water, apogean low water, etc. The more
important of these low-water planes are mean low water, lower low
water, spring low water, and -monthly lowest low water.

DEFINITION OF MEAN LOW WATER

Mean low water at any place is the average height of all the low
waters at that place over a considerable period of time. To deter-
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mine how satisfactorily mean low water can be derived from obser-
vations covering various periods of time it will be necessary to
examine in detall the variations to which low water is subject.

From day to day the variations in successive low waters during
a month appear from the heights given in the last column of the’
tabulation illustrated in Figures 19 and 20, and shown graphically
in Figure 45. In part, such variations are due to periodic changes
in the position of the moon with regard to earth and sun. But since
the tide is an oscillation above and below sea level, it follows that
in part, too, the variations in low water from day to day are due
to changes in sea level. The relation of daily low water to sea
level is brought out in Figure 46, which gives in graphic form the
daily heights of low water and of sea level at Atlantic City, N. J.,
for the month of February, 1925.

/ 5 /0 /5 20 25
trrrrTrrTrrrrrrrrrrTrTrItTT rigTey
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® Sea /eve/ O Low woter

FiG. 46.—Relation of daily low water to sea level, Atlantic City, February 1-25

For the purpose of exhibiting the relationship between low water
and sea level 1t will be sufficient to take the average height of the
two low waters of each day, and this was done in Figure 46. The
upper diagram of this figure gives the change in the height of sea
level from day to day during the month, and the lower diagram
gives the average height of the two low waters of each day with
reference to sea level.

A glance at Figure 46 is sufficient to show that, notwithstanding
the c%anges in the height of low water from day to day due to .
changes 1n the position of the moon, there is a variation also that
corresponds to tﬁe daily variation of sea level. To the nearest tenth
of a foot the average fall of low water at Atlantic City is 2 feet
below sea level. For the month shown in Figure 46 the fall of
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daily low water varied from less than 114 feet on the 2d to more
than 3 feet on the 25th, this variation reflecting primarily the peri-
odic changes due to the changes in the position of the moon. On
the 2d of February, 1925, the moon was one day past her first quar-
ter and only two days before apogee; hence a much reduced fall
of low water. On the 23d new moon occurred, and at the same
time the moon was only two days past perigee; hence a much in-
creased fall of low water.

MONTHLY LOW WATER

The daily height of low water is found to be subject to relatively
large variations both periodic and nonperiodic in character. The
periodic variations are principally those related to the phase, dis-
tance, and declination of the moon, the periods of which are approxi-
mately 2914, 271, and 2714 days, respectively. Within a month,
therefore, such variations will be very largely eliminated. And
within a month, too, the large variations in sea level tend to balance
out. It follows, therefore, that a much closer approximation to the
plane of mean low water can be derived from a month of tide
observations than from one day.

An examination of the monthly heights of low water reveals
changes very much like those found in the case of monthly high
waters and discussed in the section devoted to “ Monthly high
water.” In general, consecutive values of monthly low water at
any point on the coast are found to vary about 0.1 or 0.2 foot,
though occasionally the difference may be more than half a foot;
while within the same year two monthly heights of low water may
differ by as much as a foot. The periodic variation due to the
moon’s changing position being very largely eliminated within a
month, it is obvious that monthly low water follows the variations in
sea level much more closely than does daily low water. In conse-
quence, monthly low water is subject to the annual variation char-
acteristic of monthly sea level. This is shown diagrammatically in
Figure 47 for three stations, one on each of the coasts of continental
United States.

For each of the three stations of Figure 47 the curve of annual
variation of low water resembles closely the corresponding curve of
annual variation in sea level shown, respectively, in Figures 28, 29,
and 30. This variation of monthly low water, like the correspond-
ing variation in sea level, has definite regional characteristics.
Monthly low water at any point is thus subject to variations both
{)eriodic and nonperiodic in character, but in both of these it fol-
ows the like variations in sea level at that point.

YEARLY LOW WATER

Within a year the annual variation in low water is eliminated, and
hence yearly values of low water differ much less than monthly
values. Figure 43, showing the variations in the yearly heights of
high water, may also be taken to represent the corresponding changes
in the yearly heights of low water at the same stations. Generally,
consecutive yearly heights of low water at any point differ by not
more than several hundredths of a foot, though at times this dif-
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ference may be as much as a quarter of a foot. Within a period of
20 years, however, yearly values of low water may differ by as much
as half a foot, even at stations on the open coast free from the dis-
turbing effects due to large fluctuations in river discharge.

A comparison of yearly values of low water at any place with
the corresponding values of sea level shows that yearly low water
follows yearly sea level more closely than monthly low water fol-
lows monthly sea level. But the correspondence is not exact; the fall
of low water below sea level is found to vary somewhat from year
to year. In Figure 48, the fall of yearly low water below sea level
is shown for three stations, one each on the Atlantic, Gulf, and
Pacific coasts.

Jan Feb Mar Apr May Jurne July Aug Sep? Ocr Nov De
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F1G. 47~—Annual variation in low water

The horizontal lines associated with the diagrams represent for
each of the stations the average distance of low water below sea level
derived from the whole series of observations at that station, this dis-
tance in feet being given by the figures at the right or left of the
horizontal lines. For Fort Hamilton the periodic variation in the
fall of low water, with a period of about 19 years, is very definitely
brought out with minima in 1894 and 1913 and a maximum in 1903.
For Galveston a smoothing of the curve indicates minima about 1904
and 1923 and a maximum about 1915. For San Francisco a smoothing
of the curve indicates minima in the fall of low water below sea level
in 1899 and 1915 and maxima in 1904 and 1924.

Comparing the curves of Figure 48 with the corresponding curves
of Figure 44, which represent the variation in the rise of yearly high
water above sea Jevel, it will be noted that the two sets of curves are
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complementary. In other words, when the rise of high water from
sea level is above the average, the fall of low water below sea level
will be greater than the average, and vice versa. This follows from
theoretical eonsiderations of an astronomic character, which indicate,
with respect to sea level, a periodic variation in the rise and fall of
the tide, with a period of 18.6 years depending on the longitude of
the moon’s node. And, as mentioned in connection with the rise of
high water, the effect of this periodic variation is different on.the
daily and semidaily constituents of the tide. Hence, in computing
factors to correct the fall of low water for the longitude of the moon’s
node, account must be taken of the relative magnitudes of the daily
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Fie. 48.—Yearly low water below sea level

and semidaily constituents of the tide. Table 5 (p. 82) gives the
ratio of these constituents at a number of places on the coasts of conti-
nental United States and Alaska. With these ratios Table 6 (p. 83)
may be used for correcting the fall of low water derived from short
series of observations to mean values.

PRIMARY DETERMINATION

Since the variations to which low water is subject are precisely of
the same natur'e as those of high water, it follows that a direct pri-
mary determination of the plane of mean low water requires 19 years
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of observations. It follows also that nine years of observations, when
corrected for the longitude of the moon’s node, may be taken to give
a primary determination of the plane of mean low water.

To exemplify the accuracy with which the plane of mean low water
may be derived from nine years of observations we may take the
stations used in the determination of the plane of mean high water,
namely, Fort Hamilton, on the Atlantic coast, and San Francisco, on
the Pacific coast, for each of which three nine-year groups of observa-
tions are at hand. For New York Harbor Table 5 gives a ratio of
K,+0O, to M, of 0.2, and for San Francisco this ratio is 1.1. With
these values the correction factors for each nine-year group are de-
rived from Table 6. As in the case of mean high water, mean low
water will be determined with reference to half-tide level. The data
for low water below half-tide level, factor from Table 6, and the
derived mean low water below half-tide level for each of three nine-
year groups at Fort Hamilton and at San Francisco follow.

Mean low water from nine years of obscrvations

Fort Hamilton, N. Y. 8an Francisco, Calif,

Nine-year group Low Mean low|| Nine-year group Low Mean low
}vateﬁm- }g.’g:gr ‘lmtell;glei- Yvate}rl tﬁ I;;‘g:gr \lwatelrl:ﬁ-

ow - ow - ow half- ow -

tidelevel | T2Ple 6 | 4130 level tidelevel | T8P1e 6 {tige javel.

Feet f Feet Feet Feet

18633901 . _______ 2.29 1.012 2.32 1. 08 0. 989 1.96
1902-1810. . _____ 2.38 . 986 2.35 1.65 1.011 1.07
19111919 ... ____. 2.3 1.016 2.38 1. 99 . 989 1.97

The direct average of the observed heights of low water over a
period of 19 years constitutes the best determination of the plane of
mean low water. For Fort Hamilton this gives 2.34 feet below half-
tide level for the 19-year period 1893-1911 and 2.37 feet for the
19-year period 1904-1922. For San Francisco low water below
haif-tide level is 1.97 feet for each of the two overlapping 19-year
periods 1898-1916 and 1907-1925. Comparing the determinations
from the nine-year periods in the table above, it is seen that these are
within 0.01 ér 0.02 foot of the 19-year values at both Fort Hamil-
ton and San Francisco. It appears, therefore, that nine years of ob-
servations, corrected by the factor for the longitude of the moon’s
node, gives the average fall of low water below sea level correct
within less than 1 per cent. Hence it may be taken that the plane of
mean low water based on nine years of observations and corrected to
a mean value as shown above constitutes a primary determination
of that plane,

In passing it may be noted that at Fort Hamilton the two 19-year
periods, 1893-1911 and 1904-1922, give values for mean low water
which differ by 0.03 foot. While a difference of 0.01 or even 0.02
foot in two 19-year determinations may be considered as due to
unusual weather conditions during one of these periods or to
difficulties inherent in making tide observations, 0.03 foot appears
somewhat large to be ascribed to such causes. In this connection



TIDAL DATUM PLANES 105

attention must be directed to the fact that changes in local hydro-
graphic features, whether natural or artificial, tend to change the
rise and fall of the tide and thus tend to change the elevations of the
tidal datum planes. It is important to note, however, that such
changes are not the same for low-water planes as for high-water
planes. This matter will receive further consideration in the section
devoted to the consideration of “ Changes in tidal datum planes.”

SECONDARY DETERMINATION

From a series of observations varying in length from a month to
one or more years the value of the plane of mean low water may be
derived in two different ways. The results from the tabulations may
be corrected either by Table 6 or by comparisons with the results of
simultaneous observations at a near-by station for which a primary
determination is at hand.

For exemplifying the determination of the plane of mean low
water from one year of observations the observations at Fort Hamil-
ton and at San Francisco for each of the three years 1913, 1918, and
1922 may be used. As in the case of the like determination of the
plane of mean high water, these years are chosen because the factor
in Table 6 has for 1913 a maximum value, for 1918 approximately a
mean value, and for 1922 a minimum value. The plane of mean low
water will be determined first by means of Table 6 and then by com-

arison with simultaneous observations at some near-by station. As
efore, the ratios of K,+ 0O, to M, for use in Table 6 will be taken
from Table 5.

The heights of the individual low waters as they appear in a tabu-

lation, as, for example, in the last columns of Figures 13 and 19, are

- given with reference to a particular tide staff. In themselves these
heights are in a sense arbitrary, for they depend on the height at
which the zero of the tide staff is set. But the fall of low water below
half-tide level is altogether independent of the setting of the staff.
And it is this fall that is corrected to a mean value. This means that
the height of low water as taken directly from the tabulations must
first be referred to the half-tide level for the corresponding period
before correcting to a mean value. The fall of low water below half-
tide level, the correction factors, and the derived values of mean low
water for Fort Hamilton and San Francisco for each of the years
1913, 1918, and 1922 are given below in tabular form.

Mcan low water from one year of observations:

Fort Hamilton, N. Y, San Francisco, Calif.
Year Low water| Factor lga":e': lt‘,’;_" Low water |  Factor 1:3:&‘} 1&‘2’
below halt.|  from | Jou haig |BSlw ball|  from ) oy kit
tidelevel | Table8 | gijojaye) | tidelevel | Table8 | oy 0o
Feet Feet Feet Feet
2.29 1. 029 2.36 1.96 1.017

5 1.99
2.39 . 905 2.38 Lo7 . 997 1.96
2.45 971 2.38 1.99 . 983 1.96
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For both stations the values derived for mean low water from the
three years are in good agreement. A primary determination of
mean low water makes it 2.37 feet below half-tide level at Fort
Hamilton and 1.97 feet at San Francisco. For both stations, there-
fore, a year of observations corrected by means of Table 6 gives the
plane of mean low water correct within two hundredths of a foot,
or within less than 2 per cent of the fall of low water below sea
level.

For illustrating the method of deriving mean low water by com-
parison of simultaneous observations, we may use the same observa-
tions, as above. In choosing the station for comparison it is to be
noted that type of tide should be similar, which means that the ratio
of K,+ 0, to M, should be approximately equal. Other things being
equal, it is obviously of advantage to choose a near-by station. For
Fort Hamilton, Atlantic City would be best; but to bring out the
fact that good results can be derived by comparison with a suitable
station many miles distant, Fernandina, Fla., will be taken. For San
Francisco, San Diego, Calif., will be suitable, as a glance at Table
5 shows an approximately equal ratio of K;+0O, to M,.

The determination of mean low water by the method of compari-
son of simultaneous observations is based on the fact that for similar
types of tide the percentage increase or decrease in the fall of low
water below sea level is the same over a given period of time. A
primary determination of mean low water at Fernandina for the
19-year period 1905-1923 gives it as 3.00 feet below half-tide level.
For the year 1913 low water at Fernandina was 2.94 feet below half-
tide level for that year, and to bring this to a mean value it must
be increased in the ratio 3.00+2.94 or 1.020. Hence, using Fernan-
dina as a comparison station for the year 1913, the fall of low water
below half-tide level at other stations on the Atlantic coast having
a similar type of tide must be multiplied by the factor 1.020.

The data used and results derived for the three years at both Fort
Hamilton and San Francisco are shown below in tabular form.
For San Diego a primary determination of mean low water below
half-tide level is 1.96 feet. In the table mean low water at the com-
parison station is given in abbreviated form as MLW.

Mean low water from one year of observalions

Fort Hamilton, N. Y. San Francisco, Calif,

(Comparison station, Fernandina, (Comparison station, San Diego,
MLW =3.00 feet) MLW=1,96 feet)
[ P SR e
Year Low Low Lit(f’:,n Low Low I\;Ie;n
water water Factor water water water Factor wgter
below | at com- | for cor- below below | at com- | for cor- below

half-tide | parison | rection : half-tide | parison | rection
level | station halt-tide | Ty.00™ | station h%f;’téfie

Feet Feet Feet Feet Feet Feet
1918 .. 2.29 2.94 1. 020 2.34 1.96 1.93 1. 016 1. 99
1918 . 2.39 3.01 . 997 2.38 1.97 1.96 1. 000 1.97
1922 . 2.45 3.09 .97 2.38 1.99 1.97 . 995 1. 98

Comparing the values derived for mean low water in the table
above with the primary determination of 2.37 feet for Fort Hamilton
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and 1.97 feet for San Francisco, it appears that from one year of
observations, by comparing with simultaneous observations, the plane
of mean low water can be determined within two or three hundredths
of a foot, or within less than 2 per cent of the fall of low water below
half-tide level.

In the primary determination of mean low water and also in the
secondary determination from one year of observations it is seen
that the methods of procedure and accuracy attainable are precisely
the same as in the corresponding determinations of mean high water.
In fact, since mean low water is exactly the same distance below
half-tide level as mean high water is above, a determination of the
one plane with respect to half-tide level is also a determination of
the other. The procedure and accuracy attainable in the determina-
tion of mean low water from tide observations covering various pe-
riods of time are therefore in all respects exactly the same as in
the corresponding determinations of mean high water. For deriv-
ing the plane of mean low water from a month or a day of obseva-
tions reference may be made to the discussion of the corresponding
determinations of mean high water in the previous sections.

SUMMARY

The discussion of low water has brought out the fact that the depth
to which low water falls varies considerably from day to day and
from month to month and, in lesser degree, from year to year. This
variation is of two kinds—the first, in response to changes in the
phase, distance, and declination of the moon; and the second, in
response to the variation in sea level. With the exception of the
variation due to the change in longitude of the moon’s node, the
variations due to changes in the position of the moon balance out
very largely within a month, so that in a sense the variation due to
changes in sea level is the primary variation.

From observations covering a period of one or more months the
plane of mean low water with respect to half-tide level can be cor-
rected to a mean value, either by factors derived from theoretical
considerations or by comparison with simultaneous observations at
some suitable primary station. The suitability of a station for com-
parison purposes depends on similarity of type of tide and not merely
on nearness. In this regard the correction of low water to a mean
value differs from the like correction of sea level, in which the suit-
ability of a station for comparison purposes depends on the exist-
ence of similar meteorological conditions. Furthermore, in correct-
ing sea level to a mean value the changes in height at two near-by sta-
tions were taken as the same, whereas the changes in the fall of low
water are taken as proportional.

Since the accuracy attainable in the determination of mean low
water is precisely the same as that of mean high water, it may be
taken, in general, that, when corrected to a mean value, nine years
of tide observations will give a primary determination of mean low
water; a year of observations will determine mean low water with
respect to half-tide level correct to within 0.05 foot, a month within
0.1 foot, and a day within 0.5 foot. However, in regions of large
range of tide and of considerable variation in the fall of low water,
a day of observations, especially when the factor for correction

50008—27——8
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differs considerably from 1.00, may give a value differing by a foot
or even more from a primary value.

It is to be carefully noted that mean low water is determined with
respect to half-tide level, which is itself subject to variations. Hence
the accuracy with which the plane of mean low water can be deter-
mined depends also on the accuracy with which the plane of half-
tide level is determined. The degree of accuracy given above with
which mean low water can be determined refers only to its fall
below half-tide level.

To determine the plane of mean low water from any given series
of observations the plane of half-tide level must first be determined;
then the fall of low water below half-tide level is corrected to a mean
value, and this gives the plane of mean low water below the plane
of half-tide level.

X. LOWER LOW WATER

DEFINITION

The apparent daily movements of sun and moon about the earth
take place in planes inclined to that of the Equator, and this gives
rise to two different constituents in the tide, one having a period of
half a day and the other a period of a day. The actual tide, result-
ing from the interaction of the semidaily and daily constituents, is
therefore characterized by differences as between morning and after-
noon tides, or, more precisely, by diurnal inequality. In general,
consecutive low waters differ in height, necessitating the distinction
between lower low water and higher low water. Of the two low
waters of a day the lower is designated as the lower low water and
the higher as the higher low water. The plane of lower low water
at any point is the average height of all the lower low waters at that
point over a considerable period of time.

Since the length of the tidal day is 24 hours and 50 minutes, there
will be calendar days when but one low water occurs, the second one
coming after midnight of that day and therefore on the next day.
In such cases the question arises as to the designation to be applied
to that single low water. Various rules may be formulated for this
purpose, but for the practical purposes of datum plane determina-
tion a satisfactory rule is to give such a single low water the opposite
name from the immediately preceding low water; that is, 1f the
immediately preceding low water was the lower low water for the
day, then the single low water in question will be designated as a
higher low water, and vice versa. Thus, as shown in the column of
low waters in the tabulation of Figure 19, but one low water occurred
at San Francisco on June 10, 1920. The immediately preceding low
water, which occurred at 23.8 hours on the 9th, was a higher low
water; hence the single low water of the 10th would be designated
as a lower low water.

At a number of places, however, only one low water may occur
during a day because the tide becomes diurnal; that is. of the daily
type, in which but one high water and one low water occur during a
day. Where the daily constituent is more than twice as large as
the semidaily constituent, the tide tends to become of the daily type.
In such cases the single low water of a day is designated as the lower
low water. There is usually no difficulty in deciding whether the
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single low water of a day is due to the tide becoming diurnal or to
the failure of the second low water to occur before midnight of that
day. Diurnal tides occur only in regions having very considerable
diurnal inequality, so that the characteristics of the tide for the day
in question readily determine whether or not the single low water is
dtie to the occurrence of a diurnal tide.

VARIATIONS

The depth to which lower low water falls varies from day to day.
For San Francisco during the month of June, 1920, this variation
appears on comparing the heights of lower low water for successive
days, shown in Figures 19 and 20. For that month the difference
between the highest and lowest of the lower low waters was 3.0 feet.
Graphically the daily variation in lower low water is brought out in
Figure 45, which is a plotting of all the low waters for that month.
Not only do the snccessive low waters differ, but the lower low waters
likewise are seen to vary in height from day to day.

An examination of successive lower low waters at any point brings
out the fact that the variation from day to day is partly of a periodic
nature, due to the change in position of the moon relative to earth
and sun, and partly nonperiodic, due to secular variations in sea
level. Referring to Figure 45, it is seen that, with regard to the
moon’s declination, lower low water goes through a fortnightly cycle,
being lowest about the time of maximum nortﬁ or south declination
and highest about the time when the moon is on the Equator. The
effects of the phase and parallax cycles of the moon are also reflected
in lower low water, but the declinational effect is the principal one.

The difference in the morning and afternoon tides ofp a day, which
is known as diurnal inequality, arises from the existence of daily and
semidaily constituents in the tide. The greater the daily constituent
in relation to the semidaily, the greater the diurnal inequality.
Hence Table 5, which gives the ratios of the diurnal to the semi-
diurnal constituents at a number of stations on the coasts of the
United States, gives also a measure of the inequality at those stations.

It is to be noted, however, that the diurnal inequality in the tides
may be of three kinds. It may exist principally in the high waters,
principally in the low waters, or equally in the high and low waters,
depending on the phase relations of the daily and semidaily con-
stituents. It happens that on the Atlantic coast the ineguality is
principally in the high waters. This, in conjunction with the small
ratios of the diurnal to the semidiurnal constituents, makes the use
of the plane of lower low water of little advantage on the Atlantic
coast, and the plane of mean low water is used on that coast almost
without exception. For this reason the examples given in connection
with lower low water will be confined to the %a,ciﬁc coast, where the
diurnal inequality in the low waters is considerable and where the
datum of lower low water is of practical importance.

MONTHLY LOWER LOW WATER

The declinational cycle of the moon has a period of 2714 days.
Hence in a period of about a month lower low water should approxi-
mate to a mean value, and the variations from month to month shounld
be very much less than from day to day. In Figure 49 are given
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the relative monthly heights of lower low water at three stations on
the Pacific coast for the years 1923 and 1924. Since 27 days is more
nearly the period of the declinational cycle than is the calendar
month, the monthly values plotted are for groups of 27 days, begin-
ning with the 2d of the month and ending with the 28th.

From one month to the next Figure 49 shows that lower low water
may vary by as much as half a foot at San Diego and at San Fran-
cisco and by as much as a foot at Seattle. Within a year two
monthly values of lower low water may differ by as much as 114 feet.
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F1a. 49.—Monthly heights of lower low water

In part, these variations are obviously to be ascribed to variations-in
sea level.

In the consideration of monthly sea level it was found that sea
level is subject to an annual variation, which is characteristic for
any given region. In high water and in low water, likewise, annual
variations are found which at any station resemble closely the annual
variation in sea level at that station. It would therefore appear that
lower low water should exhibit a similar annual variation, unless this
is masked by an annual variation of a different kind. In Figure 50
are shown the monthly heights of lower low water at three Pacific
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coast stations and one Alaskan station. For the Pacific coast stations
the curves are based on 19 years of observations, from 1907 to 1925,
while for Ketchikan the curve is based on 7 years of observations,
from 1919 to 1925. .

Since the annual variation in low water at any point resembles
that in sea level, it appears from a comparison of Figures 30 and 31
that while the annuaF variation in low water at San Diego is similar
to that at San Francisco it differs markedly from that at Seattle or
at Ketchikan. For lower low water, however, Figure 50 shows a
like annual variation from San Diego to Ketchikan. Lower low
water is seen to have two maxima and two minima within a year,

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

I R I A A R R N B

Helchikar, Alaska.

Feet

2.0~

Seatrie, Wash.

San Franc/sco,

0.0 e

Sarn Orego, Calrf

Fi1a. 50,—Annual varlation in lower low water

being high in March and in September and low in June and
December.

It is obvious that changes in sea level will be reflected by corre-
sponding changes in lower low water. But from Figure 50 it is
evident that, as regards monthly heights of lower low water, the
response to changes in sea level is masked by some other more
dominant variation. The characteristics of this variation may be
determined by eliminating from the curves of Figure 50 the effects
of the annual variation of sea level. However, from the fact that
the maxima occur in June and in December, it follows that this
variation is to be ascribed to the periodic change in the declination
of the sun, which is over the Equator in March and in September
and at its maximum declination in June and in December.
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Two constituents therefore enter into the annual variation of
lower low water. There is, first, the variation due to changes in sea
level; and this variation, as has been shown, depends not on the
range of the tide but upon its location. Second, there is the varia-
tion depending on the sun’s declination; and this variation, as will
be seen later, varies with the diurnal inequality.

/1900 /905 79/0 1975 /7920 1825
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Fi16. 51.~—Yearly lower low water

YEARLY LOWER LOW WATER

The annual variation balances out within a year, and therefore
yearly values of lower low water may be expected to show much
smaller differences than monthly values. This is borne out by Fig-
ure 51, which is a plotting of the yearly heights of lower low water
at three Pacific coast stations. Generally, lower low water from one
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" year to the next differs by one or two tenths of a foot, although
occasionally this difference may be nearly half a foot. Within a
20-year period two yearly values of lower low water may differ by
as much as three-quarters of a foot. The horizontal line associ-
ated with each of the diagrams represents mean lower low water
derived from the whole series of observations at the station.

A comparison of the curves in Figure 51 with the corresponding
curves of yearly sea level in Figure 34 shows some resemblance be-
tween them, indicating that in part the variation in yearly lower low
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Fre. 52—Variation of yearly Jower low water in relatfon to sea level

water is due to changes in sea level. To determine the nature of any
other constituents in the variation of yeaily lower low water, the
variation due to change in sea level is eliminated by subtracting each

early height of lower low water from the corresgonding yearly
Keights of sea level. Figure 52 shows the result for the three Pacific
coast stations used above.

The horizontal line associated with each of the diagrams of Fig-
ure 52 represents the mean fall of lower low water below mean sea
level, the figures to the right giving this fall in feet. The curves
indicate, despite small irregularities, a regular variation with a
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period of about 19 years. This variation, it can be shown from
theoretical considerations, depends on the longitude of the moon’s
node. However, instead of deriving factors for correcting the fall
of yearly lower low water below sea level or half-tide level, as was
done for the rise of high water and fall of low water, it is more con-
venient to derive factors for correcting the diurnal inequality to
a mean value. In other words, mean lower low water is derived
through mean low water by correcting the diurnal low-water in-
equality to a mean value.

RELATION TO LOW WATER

It is necessary to distinguish not only between higher low water
and lower low water, but also between the latter and low water. In
general the term “low water ” embraces both higher low water and
lower low water; but, when used in contradistinction to lower low
water, it refers to the average of the two low waters. For any day
the difference between low water and lower low water is known as
the diurnal low-water inequality, which in abbreviated form is
written DLQ.

The diurnal low-water inequality varies from day to day through-
out a fortnight, being greatest a little after the time of the moon’s
maximum north or south declination and least a little after the time
when the moon is over the Equator. The mean value of the diurnal
low-water inequality gives the difference between the planes of mean
low water and lower low water. If, therefore, the plane of mean
low water at any place is determined, the plane of lower low water
becomes determined as soon as the mean value of the diurnal inequal-
ity is derived.

The heights of low water and lower low water vary in accordance
with changes in sea level. Hence the low-water inequality, which is
the difference between the heights of low water and lower low water,
is independent of variations in sea level. This means that only the
annual variation and the 19-year variation need be considered with
regard to the diurnal inequality. These are of the same nature as
the corresponding variations in lower low water, which were found
to be due to changes in the relative positions of earth, moon, and
sun. Factors for correcting monthly and yearly values of the di-
urnal inequality may therefore be derived from astronomical consid-
erations, and in Table 7 such factors are given for each month and
year of the 60-year period 1891-1950, as computed from Tables 6
and 14 of Harris’s Manual of Tides, Part TI1.

TABLE T.—Factors for correcting diurnal inequality to mean value

Year Jan, | Feb. | Mar.| Apr. | May | June | July | Aug. | Sept. | Oct. | Nov.| Dec. {Mean
0.84 {097 (1,12 | 1.04 | 0.87 | 0.80 | 0.82 | 0.95 ] 1,10 | 1.01 | 0.85 | 0.78 | 0. 9!
0.81 (094|107 |101|0.85/{0.78;0.80 093106 0938|083 |0.77 | 0.902
0.79 10.921.04 | 0.98  0.83 | 0.76 | 0.79 | 0.91 | 1.04 | 0.97 | 0.82 | 0.76 | 0.884
0.7910.91 103097082107 |0780.91]1.04|096|0.82]|0.76 | 0.879
0.79 {1 0.1 {1.03 09708207 0780911040907 {082]9,76 0.880
0.79 1 0.92|1.04 | 0.98 | 0.83 { 0.77 | 0.79 | 0.92 | 1.08 | 0.98 | 0.83 | 0.77 | 0.890
0.80 /0,93 1 1,07 | .00 | 0.85 | 0.78 ] 0.81 | 0.95 | 1.09 | 1,01 | 0.86 | 0.79 | 0,912
0.83 1098 (1,11 | 1,04 0.8 ]0.80;0.83|0.098 | 1.14 | 1.068 | 0.80 | 0.82 | 0.945
0.86 101|116 (1.08 091 |08 |08 1103|120 111|093 | 0.85 | 0.988
0.89|1.06]1.23]115[0.06|0.87[091]1.08]1.29}1.18]0.97|0.80 | 1.049
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TaBrLE 7.—Factors for correcting diurnal inequality to mean value—Continued
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It should be noted, however, that in connection with lower low
water it is the diurnal low-water inequality that is reduced to a
mean value, and this, applied to the plane of mean low water, gives
the plane of lower low water. To determine the plane of lower low
water therefore requires the determination of the plane of mean low
water.

As examples of primary determinations of lower low water from
nine years of observations the observations at San Francisco, Calif.,
and at Seattle, Wash., may be used. At San Francisco the 28 years
of observations from 1898 to 1925 give two overlapping 19-year
series, 1898-1916 and 1907-1925. The first 19-year series gives the
plane of lower low water as 3.11 feet below half-tide level, and the
second group likewise gives it as 3.11 feet. The determination of
mean lower low water from three groups of nine years each is given
below. It will be convenient to use abbreviations for a number of
terms, as follows: LW=low water, HTL=half-tide level, LLW=
lower low water, DLQ=diurnal low-water inequality, ML W =mean
low water, MLLW =mean lower low water.

Mean lower low water from nine years of observations, San Francisco, Calif.

Lw LLW Factor Mean 1 Factor | MLW | MLLW
Nine-year group below below DLQ from DLQ | from below below
HTL HTL Table 7 “ Tables | HTL HTL
Feet Feet Feet Feet Feet Feet
1.98 - 3.02 1.04 1. 103 115 ¢ 0. 989 1,96 3n
1.95 3.2 1.25 . 914 1.14 1.011 1.97 31
1.99 3.03 1.04 1.097 1.14 . 6989 1.97 311

The fourth column in the table above, which is the difference
between the second and third columns, gives the diurnal low-water
inequality for each of the nine-year groups. The sixth column, which
is the product of the fourth and fifth columns, gives this inequality as
corrected to a mean value by the factors of Table 7. The eighth
column is the product of the second and seventh columns and gives
the value of low water below half-tide level reduced to a mean value.
The last column, which gives the value of mean lower low water below
half-tide level, is the result of adding the mean inequality to the
mean low water.

The value derived for mean lower low water from each of the
three nine-year groups is 3.11 feet below half-tide level, and this
likewise was the value derived as the primary determination from
19 years of observations. For San Francisco, therefore, nine years
of observations, corrected to a mean value by Table 7, may be taken to
give a primary determination of the plane of lower low water.

At Seattle the low-water diurnal inequality is more than twice as
large as at San Francisco. Greater differences in lower low water
from one nine-year group to another may therefore be expected. The
third column in the table below, which gives the data for Seattle,
shows that two nine-year values of lower low water may differ by
0.4 foot, while for San Francisco the corresponding difference was
only 0.2 foot. The data used in deriving the value of mean lower
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low water from three nine-year groups, and the mean values derived,
are given below, the abbreviations being the same as used for San
Francisco in the preceding example.

Mean lower low water from nine years of observations, Seattle, Wash.

|
| LW LLw Factor Mean Factor | MLW | MLLW
Nine-year group below - | below DLQ from DLQ from below below
HTL l HTL Table 7 Table 6 | HTL HTL
e H " ) 7
Feet Feet Feet Feet Feet ] Feet
1809-1907. ... 3.87 8. 44 2,87 1. 103 2.83 989 3.83 8, 66
1008-1916.. .. . .. .. 3.78 6.86 3.08 914 2,82 1011 3.82 \ 6,64
10171925 . . ... 3.87 6. 44 | 2,57 1.097 2.82 . 989 3.83 | 6,65
i

The observations at Seattle begin in 1899, permitting two over-
lapping 19-year series, namely, 1899-1917 and 1907-1925. The first
of these 19-year series gives lower low water as 6.65 feet helow half-
tide level, and the second series gives it as 6.64 feet. The values de-
rived for mean lower low water from nine years of observations in
the last column of the table above agree with the primary determin-
ations within 0.01 foot. For San Francisco the agreement was even
better. It may, therefore, be taken that nine years of observations,
when corrected to a mean value by Table 7, give a primary deter-
mination of the plane of lower low water.

“Attention was directed to the fact that, in connection with the
determination of lower low water, it is the diurnal low-water
inequality which is reduced to a mean value. The fact that nine
years of observations, when corrected by Table 7, give a primary
determination of the plane of lower low water implies that the mean
value of the diurnal low-water inequality can be determiined very
closely from nine years of observations. That this is true is obvious
from a comparison of the mean values of the diurnal inequality
derived from the three groups of nine years of observations for
San Francisco and Seattle in the preceding examples with the mean
value determined from 19 years of observations, which is 1.14 feet
for San Francisco and 2.83 feet for Seattle. It is seen that, after
correction by Table 7, the value of the mean diurnal inequality from
nine years of observations is correct within 0.01 foot.

In connection with the example for Seattle attention may also be
directed to the next to the last column, which gives the value of mean
low water before half-tide level. The direct primary determination
of mean low water from 19 years of observations gives for Seattle
3.82 feet below half-tide level. The three values determined from
nine years of observations agree with the primary value within 0.01
foot. Seattle therefore furnishes another example of the precision
with which mean Jow water may be determined from nine years of
observations.

SECONDARY DETERMINATION

The secondary determination of the plane of lower low water
follows the procedure used in the primary determination in that
mean values of the diurnal inequality and of low water are derived.
The derivation of mean low water was discussed in Section IX. It
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therefore remains to discuss the derivation of the mean value of the
diurnal low-water inequality from observations less than nine years
in length.

As in the case of mean high water and also mean low water, two
different methods may be used to derive the mean low-water diurnal
inequality from a series of observations varying in length from less
than a month to a year or more. The result from the tabulation of
the high and low waters may be corrected, either by the factors of
Table 7-or by comparison with the results of simultaneous observa-
tions at a near-by station for which a primary determination is at
hand. The procedure and the accuracy attainable will be exemplified
below for observations covering periods of various lengths.

Year.—The determination of the plane of lower low water from
a year of observations may be exemplified by deriving this plane
from the observations at Seattle for the years 1913, 1918, and 1922.
These years are chosen because the factor in Table 7 has for 1913 a
minimum value, for 1918 approximately a mean value, and for 1922
a maximum value. The plane of lower low water will be determined
first by means of Table 7 and then by comparison with simultaneous
observations at a near-by station. In the table following the abbre-
viations are the same as used with the two preceding examples.

Mean lower low water from one year of observations, Secattle, Wash,

l Lw LLW Factor Mean Factor | MLW | MLLW
Year below below DLQ from DLQ from below below

‘ HTL HTL Table 7 g Table6 | HTL HTL

’ Feet ] Feet Feet ‘ Feet Feet Feet
1013 .. .. 3.74 6.95 3.21 0.878 2.82 1.017 3.80 8. 62
1018 . ... 3.8 6. 64 2.80 1. 006 2.82 997 3.83 6. 65
1922 .. 3.90 6.29 2.39 1.177 2.81 t 983 3.83 6.64

The primary value of mean lower low water at Seattle from the
19-year series 1907-1925 is 6.64 feet below half-tide level. The value
derived for each of the three years above-is thus within 002 foot
of this primary value. It appears, therefore, that, like the planes of
mean high water and mean low water, the plane of lower low water
from one year of observations can be derived correct to within 0.05
fO(()lt ';)f a primary value when corrected by the factors of Tables 6
and 7.

To determine mean lower low water from a year of observations
by comparison with simultaneous observations at some near-by sta-
tion we may take the same three years at Seattle, as above. For
comparison station San Francisco will be used, though a station
nearer - Seattle would obviously be better. The procedure is as
follows: First, mean low water at Seattle is derived by comparison
with San Francisco, as explained in Section IX; then the diurnal
low-water inequality at Seattle is reduced to a mean value by com-
parison with San Francisco; finally, mean lower low water is derived
as the sum of mean low water plus the mean diurnal low-water
inequality. The data used and results obtained are shown below.
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Mean lower low water from one year of observations, Seattle, Wash.
[Comparison station, S8an Francisco, MLW =1.97 feet, MDLQ =1.14 feet]

| ! i
San Franeisco, Factors for
i Seattle, Wash. Calif. correction Seattle, Wash,
Year | I |
LW Lw | MLW Mesan MLLW

' below DLQ helow :© DLQ LW DLQ below DLQ below

| HTL HTL : HTL HTL

| | :

| - |- i -

| Feet Feel Feet Feet Feet Feet Feet
1913 __.. J 3.74 3.21 1.96 1.33 | 1. 005 0. 857 3.76 2.75 6. 61
1918 .. ___. 3.84 2.80 1.97 1.10 [ 1. 000 1.036 3.84 2.90 6.74
1822 ... J 3.90 2.39 1.99 ! 96 ‘ . 990 1.188 3.86 2.84 6. 70

|

The primary values of mean low water and mean diurnal low-
water inequality for San Francisco are given in the brackets at the
top of the table. In the sixth and seventh columns are given the
factors derived by dividing these mean values by the yearly values
in the fourth and fifth columns. These correction factors are then
applied to the corresponding yearly values of low water and diurnal
inequality at Seattle, giving the mean values of columns eight and
nine, the sums of which for each year give the values of mean lower
low water at Seattle in the tenth column. ‘

In the previous example mean lower low water at Seattle for the
years 1913, 1918, and 1922 was derived by means of Tables 6 and 7,
and it was found that for each year the value derived agreed with
the primary value of 6.64 feet within 0.02 foot. Comparing the
figures in the last column derived by comparison with San Francisco,
it is seen that the agreement is not nearly so close, there being one
difference of as much as 0.13. foot. In part, however, this is due to
the very considerable distance between the two stations. A station
nearer Seattle would undoubtedly give better vesults than San Fran-
cisco, but the requisite data for such a station for the years in ques-
tion are not at hand. To determine whether better results can be
obtained from a comparison with a near-by station we may derive
mean lower low water at San Francisco by comparison WitK simul-
taneous observations at San Diego, about 300 miles nearer to San
Francisco than is Seattle.

Mean lower low water from one ycar of obscrvations, San Francisco, Calif.
[Comparison station, San Diego, ML W ==1.96 feet, MDLQ==0.92 feot]

San Braneisco, | san Diego, Calif,|  Factors for $an Franeisco, Calif.
Year T -
Lw LW MLW Mean MLLW
below | DLQ below DLQ Lw DLQ below DLQ below
HTL HTL HTL . HTL
Feet Feet Feet Feet Feet Feet Feet
1.96 1.33 1.63 1.06 1. 016 0. 876 .99 1.17 3. 16
1.97 1.10 1.06 .80 1 1.034 1.97 1.14 3.11
1.99 26 1.97 .78 995 1 1.98 1.13 3.1

The primary value of mean lower low water at San Francisco is
8.11 feet below half-tide level. The values derived above by compari-
son with San Diego thus differ from the primary value by 0.05, 0.00,
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and 0.00 foot, respectively. We may therefore conclude that by com-
parison with simultaneous observations at a suitable, not too distant,
station one year of observations will give the datum of lower low
water correct to within 0.1 foot.

Month~—From a month of observations mean lower low water
may be determined e:ther by means of Tables 6 and 7 or by compari-
son of simultaneous observations. Both methods will be exemplified
for every other month of the years 1913 and 1922. The table follow-
ing gives the data used and results derived for Seattle by the use of
the factors of Tables 6 and 7.

Mean lower low water from one month of observations, Seattle, Wash.

1913 1922
@ i

Month!| 2 _ | B B 15213 | 22 | B o | B |20 T | &0

o9 I Heo | o ISR 35-‘ CIa) o | Ho oA ;&-
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Feet | Feet Feet | Feet | Feet | Feet | Feet Feet | Feet | Feet
Jen...] 3.8 13.79]1.017{ 0.79(3.90 299 6.8013.80 {3.00]0.983| 1.01|382]|3.03 6.85
Mar._{3.76 | 284 [ 1.LO17 | 1 3.821293 6.75|3.84 1176 983 | 1.46 | 3.77 | 2. 57 6.34
Mnay..13.74 | 3.07 | 1.017 823.80] 252 6.32 3.88| 2.42 983 1 1.08)3.81{ 261 8.42
July..}3.7213.50 | 1017 7813781273 6.51 [ 3.97 264 983 | 1.00| 3.90 | 2.64 6. 54
Sept.-|3.79{2.56)1.017 ] 1.04| 3.85 | 2.68 .51 13.903|1.95( .983{ 1.47 ) 3.86 | 2.87 6.73
Nov._|3.72]3.45} 1.017 82378283 6.61 391|252 .98 1.07/3.84}270 6. 54

A glance down the columns of the derived values of mean lower
low water discloses considerable variation. The primary value of
mean lower low water at Seattle is 6.64 feet below half-tide level.
The extreme deviation from this mean value is 0.32 foot for the
month of May, 1913. The average deviation, without regard to sign,
of the values for the 12 months in the table is 0.17 foot.

Taking up. now, the determination of mean lower low water from
one month of observations by the method of comparison of simulta-
neous observations, the datum will be determined for Seattle by
comparison with San Francisco. The data and results follow:

Mcean lower low water from one month of observations, Seattle, Wash.
[Comparison station, San Francisco, MLW =1.97 feet, MDLQ=1.14 feet)

San Francisco, Factors for
Seattle, Wash, Calif, correction Seattle, Wash,
Month l .
LW Lw MLW MLLW
below | DLQ | below | DLQ | LW | DLQ | below | MDLQ | below
HTL HTL HTL HTL
Feet Feet Feet Peet Feet Feet Feet
3.83 3.79 2.01 1.37 | 0.980 0.83 3.75 3.15 6. 00
3.76 2.84 1.97 1.16 [ 1.000 .98 3.76 2.78 6. 54
3.74 3.07 1.92 1.33 1.025 86 3.8 2.64 6.47
y 3.72 3.50 1.92 1.54 | 1.025 4 3. 81 2.59 6.40
September.. ... . . 3.79 2.56 1.98 1.04 . 990 1.10 3.75 2.82 6.37 -
November..__.._..___... 3.72 3.45 1.99 1.48 . 980 77 3.68 2.66 6.34
4.00 2.01 1.08 . 980 1.09 3.81 3.21 7.08
1.78 1. 96 .66 | 1.005 1.73 3.86 3.04 6.90
2.42 1.95 1.05| 1010 1.09 -3.92 2.64 6. 56
2,64 2.01 1.08 . 980 1.06 3,89 2.79 6.68
1.95 2.031 - .81 .970 1.41 3.81 2.75 6. 568
2.52 2.02 .11 975 1.03 3.81 2.60 8. 41
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The values for mean lower low water derived by the method of
comparison show greater differences from the primary value of
6.64 feet than the values derived by means of Tables 6 and 7. The
greatest difference by the latter method was 0.32 foot, while by the
comparison method the greatest difference is 0.44 foot. It may be
noted in passing that the relatively large deviations from the mean
value in the preceding example arise very largely from inaccuracies
in the determination of MDLQ rather than in that of MLW.

Since Seattle is approximately 800 miles away from San Fran-
cisco, it is not unreasonable to assume that, in part at least, the rela-
tively large differences from the mean value found in the preceding
example are due to this distance between the two stations. In the
derivation of mean low water from oene year of observations it was
found that a comparison of San Francisco with San Diego—500
miles apart—gave much better results than a similar comparison
of Seattle with San Francisco. It will therefore be of advantage
to test the results derived from a month of observations by the
method of comparison, using observations at San Francisco and
San Diego. As in the previous example, every other month of the
years 1913 and 1922 will be taken, San Diego being used as the
comparison station.

Mecan lower low water from one month of observations, San Francisco, Calif.
b

[Comparison station, San Diego, ML W=1.96 feet, MDLQ=0.92 foot]

]
! 8an Francisco, | San Diego, Factors for . .
| Calif, Calit” correction Ssn Francisco, Calif.
Month ; ’
LW ) LW MLW MLLW
! below | DLQ | below | DLQ LW | DLQ | below | MDLQ | helow
CHT HTL HTL HTL
i
Feet | Feet Feet Feet Feet
1951 1.09| 1005 0.84 2.02 1.15 3.17
1,87 .92 . 985 1.00 1.98 1.18 d.12
1,92 1.05 1,021 88 1,96 1.17 3.13
1,87 1.22 | 1048 75 2.01 1.16 3.17
1.99 .81 . 985 1.14 1.96 1.19 3.15
1,91 1.17 1.026 79 2,04 1.17 3.21
3
January._......_..._.... o0t 1.05 1.97 .88 . 965 1.05 2.00 110! 3.10
March ... .. .. ... 1.96 .66 1.97 .54 . 995 1.70 1,95 112 3.07
May.._... .. . 1.95 1.06 1.98 .86 | 1000 1.07 1.95 1.12 3.07
July .. ... 2.1 1.08 1,08 .92 . 1.00 1,98 1,08 ! 3.06
September. bo2.03 .81 1.99 .64 . 985 1.44 2.00 117 3.17
November........__...... 2.02 L1 1.94 87| 1.010 1.06 2.04 118 i 3.2

The results derived for mean lower low water for San Francisco
by comparison with San Diego are in much better agreement with
each other and with the primary value of 3.11 feet than was the case
for Seattle when compared with San Francisco. The greatest dif-
ference from the mean value in the present example is 0.12 foot'
against 0.44 foot in the case of Seattle. The average difference from
; e mean value in the present example for the 12 months is 0.05
oot.

Day—To determine mean lower low water from one or several
days of observation the most practical method is by comparison with
simultaneous observations or with the predicted tides at some station



122 U. S. COAST AND GEODETIC SURVEY

having a similar type of tide. The procedure may be illustrated by
such determinations for San Francisco for every fifth day of May,
1913, using first the observations at San Diego and then the predic-
tions for comparison.

Mean lower low water from one day of observations, San Francisco, Calif.

[Comparison station, San Diego, ML W =1.96 feet, MDLQ=0.92 foot]

8an Francisco, San Diego, Factors for .
Calif. Calif. correction San Francisco, Calif.
Date |
Lw Lw MLW. MLLW
below | DLQ | below | DLQ | LW | DLQ | below ’ MDLQ | below
HTL HTL BTL HTL
Feet Feet Feet Feet Feet + Feet Feet
1. 65 0.45 1. 80 Q.55 1.09 1.67 1.80 0.75 2.58
2.05 1.60 2.20 1.15 .89 .80 1.82 ! 1.28 3,10
1.80 2,10 1.47 1.65 1.33 .56 2.39 118 3,57
2.20 .05 2.25 10 .87 9.20 1.91 .46 2.37
2.20 2.15 2.35 1.70 .83 .54 1.83 ¢ 1.16 2.99
1. 55 55 1.25 1.35 1.57 .68 2.43 1.05 3.48
1. 57 .65 ‘ 1.85 30 1.19 3.07 1.87 2.00 3.87

Of the seven determinations of mean lower low water from one day
of observations five differ from the primary value of 3.11 feet by less
than half a foot, but for the 16th and 31st the differences are three-
quarters of a foot. For these latter dates it will be noted that the
large differences arise from the values derived for MDLQ.

In the tabulation from the tidal record the individual low waters
are tabulated to the nearest tenth of a foot. It is obvious, therefore,
that for a day when the diurnal inequality is small, as, for example,
on the 16th, only rough approximations to the value of the mean
diurnal inequality can be expected. Furthermore, any differences
in the weather conditions at the comparison station from those pre-
vailing at the other station will tend to bring about differences in
the diurnal inequality at the two stations, which will be reflected in
values for mean diurnal inequality differing considerably from pri-
mary values. In general, from one day of observations, mean lower
low water derived by comparison with simultaneous observations at
2, suitable station may be taken as correct within three-quarters of a

oot.

Frequently, when mean lower low water is to be derived from a
short series of observations, simultaneous observations at another
station for purpose of comparison are not at hand. In such cases the
predicted tides at some suitable station may be used. The procedure
1s in all respects similar to that in the last example, In the follow-
ing example mean lower low water is derived for the same seven
days in May, 1913, as above, the predictions for San Diego in the
tide tables for 1913 being used for comparison.

The tide tables give mean values for such tidal quantities as are
important in connection with the purposes for which these tables are
primarily issued. Thus, mean values of the lunitidal intervals and of
the mean range are given for all stations listed. But the mean value
of the low-water diurnal inequality is not given. If this value is
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not known for the station that is used as comparison station, it may
be derived from one or more months of predictions, by correcting
monthly values by means of Table 7. In the example following the
mean values of MLLW and MDLQ for San Diego will be taken the
same as in the preceding example, although, if derived from one or
even several months of predictions, they would undoubtedly differ
somewhat.

Mean lower low water from onc day of observations, San Francisco, Calif.

[Comparison station, San Diego (predictions), MLW =196 feet, MDLQ=0.92 foot]

San Francisco, |. San Diego Factors for :
Calif. Calif. correction Sen Francisco, Calif.
Date
Lw Lw MLW MLLW
below | DLQ | below | DLQ | LW | DLQ | below | MDLQ | below
HTL HTL HTL HTL
Feet Feet Fect Feet Feet Feet Feet
1.65 0.45 1.63 0.40 1.20 2.30 1.08 1.04 3.02
2.05 1.60 2.05 1.10 .96 .84 1.97 1.34 3.31
1.80 2.10 1.50 1.60 1.30 .58 2.34 1.22 3.56
2.20 .05 2.15 05 .91 18.40 2.00 .92 2.92
2.20 2.15 2.15 1.70 .91 .54 2.0Q 1.16 3.16
1.55 1.55 1.13 1.40 1.73 .66 2.68 1.02 3.70
1.567 I .65 1. 50 15 1.30 6.13 2.05 3.98 6.03

As in the preceding example, five of the seven values derived for
mean lower low water differ from the primary value of 3.11 feet
by less than half a foot. Of the remaining two values one differs
by 0.6 foot, while the other, for the 31st, differs by 3 feet. Here
again it is in the values derived for MDLQ that the trouble lies.

From the examples illustrating the derivation of mean lower low
water from one day of observations it would appear that a value
based on less than three days of observations can not be taken as
determined correct within half a foot. If three days are used, it is
better to discard the value of MDLQ for any one day which differs
widely from the other two. ~

It 1s important to note that in the use of tide observations or pre-
dictions at comparison stations care must be taken to choose such as
are comparable with those at the station for which mean lower low
water is desired. This is necessary, since, as a general rule, there
is a difference in time of tide at the two stations. For this reason
it may happen that for comparison with the tides on a given day
one or even two tides at the comparison station may have to be taken
the day preceding or the day following. The proper tides to use
are easily determined both by the times of the tide and by the order
of occurrence. The following example will make this clear.

Suppose that it was required to determine mean lower low water
at San Francisco from the observations on May 14, 1913, San Diego
being used as comparison station. The tides observed at the two
places on that day are as follows:

50008—27——9
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Observed tides, May 14, 1913

San Francisco, Calif. San Diego, Calif.

High water Low water High water Low water

i
Time @ Height Time Height Time Height Time Height

Hours Feet | Hours Feet Hours Feet Hours Feet,
5.8 7 0.0 7.5 3.7 8.1 10.6 3.4
19.7 3 ‘ 12.2 5.0 17.7 8.3 23.7 5.0

A first glance at the two sets of observed tides might make them
appear quite comparable. As a matter of fact, while the high waters
are comparable the low waters are not. Examining the high waters
it is seen that at San Diego they come, both morning and afternoon,
about two hours earlier than at San Francisco. Furthermore, the
order of occurrence is the same at both places, lower high water being
the first high water and higher high water the second.

Examining now the low waters, it is found that instead of coming
earlier than at San Francisco, as was the case of high water, low
water comes about 11 hours later, if the two low waters of the day at
San Diego be used as they stand. A moment’s consideration, how-
ever, shows that for the day in question the first low water at San
Diego is comparable, not with the first low water at San Francisco,
but with the second. This means that for comparison with the first
low water the one preceding 10.6 hours on the 14th is to be used, and
that low water the observations give as occurring at 22.5 hours on the
13th, with a height of 5.8 feet. Hence, in deriving ratios for correct-
ing low water and low-water diurnal inequality at San Francisco to
mean values, the last low water of the 13th and the first low water of
the 14th at San Diego would be used for comparison.

A consideration of the order of occurrence of the two low waters of
the day leads to the same conclusion. At San Francisco the first low
water on the 14th is seen to have been the higher low water, while at
San Diego the first low water was the lower low. By taking the last
low water of the previous day the low waters at San Diego become
comparable with those at San Francisco.

SUMMARY

Lower low water is distinguished from higher low water and also
from low water, the latter term in this connection referring to the
average of the two low waters of the day. Lower low water, like low
water, varies from day to day, from month to month, and from year
to year, these variations being in part due to variations in sea level
and in part to astronomic causes. Unlike low water, however, the
variations in lower low water are primarily in response to the
astronomic causes, and are therefore periodic.

A direct primary determination of mean lower low water requires
19 years of observations. It is found, however, that nine years of
observations can be corrected to a mean value which approximates
so closely to the direct primary determination that, for the purpose
of datum-plane determination, such a value may be considered as a



TIDAL DATUM PLANES 125

primary value. For shorter series of observations mean lower low
water can be corrected to a mean value, either by means of the
factors in Tables 6 and 7 or by comparison with simultaneous obser-
vations at some suitable, not too distant, tide station. In general it
may be taken that from a year of observations mean lower low water
can be determined, with reference to half-tide level, correct to within
0.1 foot; from a month, correct to within a quarter of a foot; and
from a day’s observations, correct to within about 1 foot. It is to
be noted, however, that occasionally the value derived from one day
of observations may be considerably in error, so that at least three
days of observations should be used if it is desired to determine
mean lower low water correct within a foot.

The secondary determination of mean lower low water involves
the determination of half-tide level, mean low water, and mean
diurnal low-water inequality; the distance of mean lower low water
below half-tide level being the distance of mean low water below
half-tide level plus mean low-water diurnal inequality.

XI. HIGHER HIGH WATER

DEFINITION

The existence of daily and semidaily constituents in the tide gives
rise to differences in consecutive high waters as well as to differences
in consecutive low waters. As a rule, the two high waters of a day
differ in height, the higher being designated the higher high water
snd the lower the lower high water. The plane of higher high water
at any point is the average height of all the higher high waters at
that point over a considerable period of time.

On days when but one high water occurs, the rule for determining
whether it should be designated as the higiler high or lower high 1s
framed in the same way as for the similar case of low water. The
single high water is given the name opposite that of the preceding
high water; that is, if the preceding high water was the higher high
water of the 'day, then the single high water in question is designated
as the lower high water, and vice versa. Thus, in the column of
high waters in the tabulation of Figures 19 and 20, the single high
waters on the 10th and 18th will be designated as lower high waters.
- Where the tide becomes diurnal—that is, where but one high and
one low water occur in a day—the single high water obviously is a
higher high water, for it is the merging of the lower high water and
higher low water that gives rise to the diurnal tide.

RELATION TO LOWER LOW WATER

Manifestly the relation of higher high water to the rise of the tide
is of a similar nature to that which lower low water bears to the fall
of the tide. Corresponding to low-water diurnal inequality is high-
water diurnal inequality, which is the difference between high water
and higher high water. As distinguished from higher high water,
high water refers to the average high water, whether for the day,
month, or year.

Diurnal inequality depends on the relative amplitudes of the daily
and semidaily tidal constituents and also on their phase relations,
With given amplitudes of the two constituents, the diurnal inequality
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may exist principally in the high waters, principally in the low
waters, or equally in the high and low waters, depending on the
phase relations of the daily and semidaily constituents. At most
places the high-water and low-water diurnal inequalities differ. As
mentioned in the section on lower low water, on the Atlantic coast of
the United States the high-water inequality is the greater, while on
the Pacific coast it is the low-water inequality that is the greater.
However, the daily constituent of the tide has a small amplitude on
the Atlantic coast, so that, notwithstanding the fact that on this
coast the high-water inequality is the greater, it is relatively small.

VARIATIONS

Since the relation of higher high water to the rise of the tide is
similar to that of lower low water to the fall, it follows that the vari-
ations in higher high water will be much the same as those in lower
low water. These variations may be summarized as follows:

The height of higher high water varies from day to day, this
variation being partly of a periodic nature, due to the change in
position of the moon relative to earth and sun, and partly non-
periodic, due to secular variation in sea level. Referring to Figure
39, it is seen that with regard to the moon’s declination higher high
water goes through a fortnightly cycle, being highest about the time
of maximum north or south declination and lowest about the time
when the moon is on the Equator. The height of higher high water
varies also with the phase and parallax of the moon, but the declina-
tional effect is the principal one. On the Pacific coast successive
higher high waters may differ by as much as a foot or more, while
within a month higher high water may differ by several feet.

Monthly values of higher high water generally differ by several
tenths of a foot from month to month, while within a year two such
monthly values may differ by as much as a foot. The variation in
monthly higher high water is partly in response to variations in sea
level, but primarily in response to the change in declination of the
sun, so that this latter variation has a period of a year.

From year to year higher high water varies about a tenth of a
foot, although at times two consecutive yearly values of higher
high water may differ by as much as three-tenths of a foot. The
variation of yearly higher high water is in part due to secular varia-
tions in sea level and in part to a regular variation with a period of
19 years, depending on the longitude of the moon’s node.

PRIMARY DETERMINATION

Since the variations in higher high water are brought about by
the same agencies as those in lower low water, the procedure in the
determination of mean higher high water is in all respects similar
to that used in deriving mean lower low water. A direct primary
determination requires 19 years of observations, but the value of
higher high water derived from 9 years of observations, when cor-
rected to a mean value by the factors of Table 7, may be taken to
constitute a primary determination of the plane of higher high
water.
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As an example, we may derive mean higher high water from nine
years of observations at San Francisco. Three nine-year groups may
be formed from the observations covering the period 1899-1925.
The data used and results derived are shown below in tabular form.
The abbreviations used correspond to those used in deriving mean
lower low water from nine years of observations: HW =high water,
HTL=half-tide level, HHW==higher high water, DHQ=diurnal
high-water inequality, MHW=mean high water, MHHW=mean
higher high water.

Mean higher high water from nine years of observations, San Francisco, Calif.

=
HW | HAW

Factor | MHW | MHHW
Nine-year group ahove @ above DHQ from
I

i above above

1
‘ from
HTL | HTL Tab]evj DHQ | Tables | HTL | HTL
! 1
|

|
i

|

Feet | Feet Feet ‘ | Feet | Feet Feet
1809-1907_ ... ...._.. 1.98 ) 2.8 0. 55 1.103 | 0.61 0.989 | 1. 96 2.57
1908-1916____.._..____ 1.95 | 2. 57 .62 .914 .57 1.011 . 1.97 2,54
1917-1925 .. ... i 1.99 " 2.55 .56 1.097 | .61 . 989 ‘ 1.97 2.58
i :

A direct primary determination from 19 years of observations at
San Francisco gives mean higher high water as 2.56 feet above half-
tide level. The value derived from each of the three-nine-year
groups is therefore within 0.02 foot of the direct primary value, and
for purposes of datum-plane determination may be taken to consti-
tute a primary determination.

SECONDARY DETERMINATION

In deriving mean higher high water from a short series of observa-
tions the procedure and accuracy attainable are exactly the same as in
the like determination of lower low water. Kor a series varying in
length from a month to several years two methods are available.
One method makes use of factors derived from theoretical considera-
tions, while the other method consists in comparing with simultane-
ous observations at some suitable tide station. The procedure is
cletgiled in the section on lower low water, to which reference is here
made.

For a series of observations covering less than a month the most
practicable method of deriving mean lgmigher high water is by com-
parison with simultaneous observations at a suitable tide station or
with the predicted tides at such a station, precisely as in the like
case of determining mean lower low water, for which the detailed
procedure is given.

In summary it may be stated that from a year of observations
mean higher Kigh water can be derived, with reference to half-tide
level, correct within 0.1 foot; from a month, correct to within a
quarter of a foot; and from a day’s observations, correct to within
about a foot. It must be noted, however, that occasionally the value
derived from one day of observations may be considerably in error,
so that at least three days of observations should be used if it is
desired to determine mean higher high water correct within a foot.
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XII. OTHER TIDAL DATUMS

PRINCIPAL DATUM PLANES

The six datum planes discussed in the preceding pages, namely,
mean sea level, half-tide level, mean high water, mean low water
lower low water, and higher high water, constitute the princi al
tidal datum planes. They are more easily determined than other
tidal datum planes, and from a given series of tide observations they
can be derived with a greater degree of precision.

Other tidal datum planes have at times been used. Thus, the
planes of monthly lowest low water and spring low water and the
Indian tide plane have been used in hydrographic surveying and
in tide predictions. To determine accurately such datum planes
directly from observaticns requires a much longer series of observa-
tions than is necessary for any of the principal planes, for spring
tides or tropic tides occur but twice a month and monthly lowest
low water but once a month. As a rule, however, approximate
determinations of such planes are quite satisfactory, especially if
their relation to mean sea level or half-tide level is stated.

When the use of some datum plane other than one of the principal
datums is found of advantage, it is desirable that it be defined with
reference to one of these principal datums. Thus, if a plane below
mean low water or mean lower low water is to be used, it is best
to define it by its distance below either of these datums or mean
sea level rather than seek some secondary tidal datum which approxi-
mates it. Several datum planes have, however, been used heretofore,
and it is proposed here to discuss them briefly.

MONTHLY LOWEST LOW WATER

When a datum plane is desired which will be so low that most
low waters will be above it, the plane of monthly lowest low water
has sometimes been used. As 1ts name signifies, it is the plane
determined by the average height of the lowest low waters of each
month over a considerable period of time.

This plane has sometimes been called' the plane of extreme low
water or of storm low water, but objections may be urged against
both of those designations. Calling the lowest low water of each
month an extreme low water is obviously arbitrary, while calling
it a storm low water is even more arbitrary, for the lowest low water
of a month is frequently not due to storms. The term monthly
lowest low water is self-explanatory and definitely refers to the low
water which, during the month in question, falls to the lowest level.

Obviously, the heights of consecutive monthly lowest tides will
vary considerably; but within a period of two or three years the
average value will not differ from a mean value based on many years
of observations by more than a quarter of a foot. On the Atlantic
coast of the United States the plane of monthly lowest low water is
about 1.5 feet below mean low water, while on the Pacific coast it is
about 1.5 feet below mean lower low water. '

It is to be noted that while the plane of mean low water at different
places varies in exact accordance with the range of the tide the plane
of monthly lowest low water only in part varies as the range. This
is evidenced by the fact that from Maine to Florida the plane of
monthly lowest low water lies about the same distance below mean
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fow water, notwithstanding the fact that the range of tide over this
region varies from 1 to 9 feet.

DATUM PLANES FROM HARMONIC CONSTANTS

The harmonic constants comprise the simple constituent tides
which are derived from the harmonic analysis of the tide observa-
tions. The basis of the harmonic analysis lies in the conception of
the tide as the sum of a number of simple tides, each of which has a
definite period that is determined by some motion of the moon or
sun relative to the earth. The number of simple constituent tides
is theoretically very large, but most of them are of such small mag-
nitude that for practical purposes they may be disregarded. The
harmonic constants for many places are given in Harris’s Manual
of Tides, Parts IVA and IVB (Washington, D. C., 1901 and 1904) ;
Schureman’s A Manual of the Harmonic Analysis and Prediction
of Tides (Washington, D. C., 1924) ; and in Tables for the Calcula-
tion of Tides by Means of Harmonic Constants, issued by the Inter-
national Hydrographic Bureau (Monaco, 1926).

Formulas have been developed by Harris,' by means of which the
various datum planes may be derived through the harmonic con-
stants. These formulas are somewhat involved if it is desired to
derive the datum planes accurately, but for approximate determina-
tions the formulas may be simplified considerably.

As examples, it may be noted that the plane of mean high water is
given approximately by the formula HTL+1.1M,, in which HTL is
half-tide level and M, is the principal lunar semidiurnal constituent.
In the same way mean low water is given approximately by HTL—
1.1M,. To test the degree of approximation of these formulas we
may derive the plane of mean high water for Fort Hamilton, N. Y.,
and for San Francisco, Calif.

From Schureman’s Manual the value of M, is, to the nearest tenth,
2.2 feet for Fort Hamilton and 1.8 feet for San Francisco (Presidio).
From the above approximate formula mean high water at Fort Ham-
ilton is derived as 2.4 feet above half-tide level and at San Francisco
as 2.0 feet above half-tide level. These values approximate closely
the accurate primary values of 2.37 feet for Fort Hamilton and 1.97
feet for San Francisco. It should be stated, however, that the agree-
ment at other places may not be quite so good and that the formula
is intended to give only approximate results.

An approximate value for the datum of lower low water on the
Pacific coast of the United States is given by the formula MLW —
0.6(K,+0,), in which MLLW is mean low water and K, and O,
respectively, the principal lunisolar diurnal and principal lunar
diurnal constituents. Since mean lower low water is given by sub-
tracting the mean low-water dinrnal inequality from mean low water,
the formula amounts to taking MDLQ as equal to 0.6 (K, +0,),
which is obviously but a rough approximation. Thus, if we derive
the values of 0.6 (K, +O,) for San Francisco and Seattle by using
the values of K, and O, for these places given in Schureman’s
Manual, we get 1.2 fect for San Francisco and 2.5 feet for Seattle,
which compare with the primary values of MDLQ of 1.14 and 2.83
feet, respectively.

1 R. A. Harris, Manual of Tides, Pt. 1II (Washington, D, C., 1895).
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The datum of higher high water on the Pacific coast is given ap-
proximately by MHW +0.3(K,+0O,), in which MHW is mean high
water and K, and O, as above. It is to be emphasized, however, that
the simple formulas given above for the planes of mean high water,
mean low water, lower low water, and higher high water are approxi-
mations, and where accurate determinations are desired these must be
derived from the observations as outlined in the previous sections.
For the plane of spring low water and for the Indian tide plane, how-
ever, the determination by means of the harmonic constants is to be

preferred.
SPRING LOW WATER

Spring low water has been used as a datum for hydrographic
charts and for the prediction of tides. This datum may be defined
as the average of the low waters that come at the time of sprin
tides. Spring tides are those that occur about the times of new an
full moon, when the tide-producing forces of sun and moon con-
spire and_ bring about a greater rise and fall than usual. At most
places there is a lag between full or new moon and the greatest rise
and fall of the tide, this lag being known as the phase age of the
tide. On the Atlantic and Pacific coasts of the United States the
phase age of the tide is about one day ; that is, spring tides come about
one day after full and new moon.

It is obvious that there must be considerable variation in the height
of spring low water from one fortnight to another. In the first
place, it will vary in response to changes in sea level; and, in the
second place, it will vary in response to changes in the positions of
sun and moon as regards parallax and declination. It should be
noted in passing that the two low waters coming nearest, one before
and the other after, the time given by adding the phase age to the
time of new and full moon are taken as constituting the spring low
waters of any given new or full moon.

For all practical purposes it is suflicient to determine the plane
of spring low water approximately, especially if its relation to mean
sea level or half-tide level is given. This relation is given when
spring low water is determined through harmonic constants, and this
method therefore furnishes a convenient means for deriving the
datum. As an approximate formula for the plane of spring low
water, we may take it to be MLW-S, in which MLW is mean low
water and S, the principal solar semidiurnal constituent.

As an example, we may derive spring low water from harmonic
constants at Fort Hamilton and at San Francisco. From Schure-
man’s Manual the value of S, is 0.44 foot for Fort Hamilton and
0.40 foot for San Francisco (Presidio). Mean low water at both
these places has already been determined in the section devoted to
low water, and we may therefore put the results in tabular form, as
follows:

Spring low water

Fort San
Hamilton, | Francisco,
N.Y. Calif.
Feel Feet
MLW below T L. e ieimcmmmrm e mm i cammmm 2.37 1.97
27 i .44 .40
Sp LW below HTL 2.81 2.37
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The best determined value of spring low water, based on a number
of years of observations, is 2.79 feet below half-tide level at Fort
Hamilton and 2.36 feet below half-tide level at San Francisco. The
values derived from the approximate formula above are thus in good
agreement with the more accurate values. Im general it may be taken
that this approximate formula will give the datum of spring low
water correct to within one or two tenths of a foot. The plane of
spring low water is also known as the plane of mean low-water
springs.

The distance of spring low water below half-tide level is approxi-
mately the same as the distance of spring high water above half-tide
level. Hence the same formula may be used for deriving approxi-
mately the datum of spring high water.

When it is necessary to determine spring low water and harmonic
constants are not at hand, it may be derived by comparison with the
spring low water at some other place in the same general region.
If R and SpL.W represent, respectively, the mean range and spring
low water at the comparison station and the same abbreviations,
with subscript 1, the like quantities at the station for which spring

low water is desired, then we have SpLW,= %—‘ SpLW. In both

cases SpLW represents the distance of spring low water below half-
tide level.
INDIAN TIDE PLANE

In predicting the heights of high and low water for tide tables
it is obviously desirable to refer these heights to a plane such that
no negative heights will be necessary; that is, the datum with regard
tq which the predictions are given should be so low that no low water
will fall below it. But it i1s manifestly even more desirable that
the plane used in the tide predictions for any given port should be
the same as that used on the hydrographic charts of that port. This
consideration limits the practical datums for such purposes to some
low-water datum like mean low water, lower low water, or spring
low water. -

The Indian tide plane, or the harmonic tide plane, as it is some-
times called, has been used for a number of ports in India. It is
defined as the datum plane that lies below mean sea level a distance
given by adding the amplitudes of the principal lunar semidiurnal,
principal solar semidiurnal, the principal lunisolar diurnal, and the
principal lunar diurnal components. In the accepted notation it
may be written as follows: MSL~— (M,+8,+K,+0,). The Indian
tide plane is sometimes called also the plane of Indian spring low
water. From its definition in terms of the harmonic constants it
obviously corresponds approximately to tropic spring lower low
water.

XIII. CHANGES IN TIDAL DATUM PLANES

IMPLICATIONS IN ASSUMPTION OF CONSTANCY OF TIDAL DATUMS

In the use of tidal datums as planes of reference for elevations it
is implied that such datums at any given place remain constant
over relatively long periods of time. Underlying this implied con-
stancy are the tacit assumptions of coastal stability and constancy of
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hydrographic features. If changes take place in the relative eleva-
tion of land to sea or in the hydrographic features of the body of
water on which the given place is situated, changes will also take
place in the tidal datum planes, which are fixed by reference to local
bench marks.

With regard to periods of time measured in thousands of years,
local changes in relative elevation of land to sea of considerable mag-
nitude have been fully demonstrated. But for the lesser periods
of time involved in everyday affairs any such changes, as a general
rule, are so small that with respect to tidal datum planes they may
be disregarded and coastal stability taken for granted.

The changes in hydrographic features that bring in their train
changes in datum planes are those that affect the local tidal régime.
With regard to such changes in hydrographic features, distinction
must be made between the open coast and inland bodies of tidal
water. While the open coast. is at all times under attack by wave
and current and thus subject to change, such changes are relatively
slight and only rarely bring about changes in the rise and fall of the
tide, even over a period of a number of years. Hence, along the open
coast, it may be assumed that tidal datum planes remain constant for
periods covering many years.

But in inland bodies of tidal water changes in hydrographic fea-
tures are as a rule followed by changes in the tidal régime, which are
reflected by changes in the tidal datum planes. The changes that may
be expected under different conditions will be discussed briefly in
this section. But it will be of advantage to consider in this connec-
tion the changes in tidal datums that result from changes in relative
elevation of land to sea.

CHANGES DUE TO CHANGE IN RELATIVE ELEVATION OF LAND TO SEA’

If a coast is undergoing a slow gradual subsidence the first effect
would obviously be an apparent elevation of all the tidal datum
lanes with respect to local bench marks by the same amount, this
eing the amount of the subsidence. That is, if after a number of
years the subsidence of the coast in question amounted to one-tenth of
a foot, mean sea level, half-tide and also the low-water and the high-
water planes would, with respect to the local bench marks, stand one-
tenth of a foot higher than at the beginning of the period.

But if the subsidence becomes sufficient to alter materially the
hydrographic features of the coast, changes would ensue in the tidal
régime along the coast, and as a consequence the different datums
V\{Olﬂd change differently, as the following considerations will make
clear.

Whatever the changes in the rise and fall of the tide along an open
ocean coast due to gradual subsidence, it is obvious that the mean sea
level, fixed with respect to local bench marks, will show an apparent
change of the same magnitude as the subsidence, but in the opposite
direction. That is, if § is the subsidence in feet, from the beginning
of the period, the mean sea level would appear to have risen S feet.
But, if because of the alteration of the hydrographic features conse-
quent on this subsidence, the range of the tide is increased by A feet,
mean high water will appear to have risen §+14 A feet, while for
mean low water the apparent rise will be §—14 A feet. Thus the
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datums of mean high water, mean sea level, and mean low water,
with respect to local bench marks, will be changed by different
amounts.

On a rising coast the changes that would take place in the tidal
datums are similar but in the opposite direction to those just dis-
cussed. The first effect would be a lowering of all the tidal datum

lanes with respect to local bench marks by the amount of emergence.

f the emergence becomes sufficient to alter materially the hydro-
graphic features, and so bring about a change in the rise and fall of
the tide, the changes ensuing from this latter cause would, as in the
case of subsidence, be different for the different datums.

CHANGES DUE TO ALTERATION OF HYDROGRAPHIC FEATURES

It is with regard to inland tidal waters that changes in datum
planes due to alteration of hydrographic features become important.
On the open coast it is reasonable to assume that only profound
changes in the hydrographic features can bring about changes in the
range of the tide. But in inland tidal waters, because of the rela-
tively limited areas and depths involved, changes in the features of
considerably lesser magnitude are sufficient to change the range of the
tide and thus bring aﬁout changes in datums. While the quantita-
tive relations subsisting between changes in the body of water and
changes in datums are difficult to establish from general considera-
tions, qualitatively we may determine the changes in the datums
that will follow proposed changes in the hydrographic features.

Tidal rivers are good examples of such inland bodies of water.
These rivers serve as highways to the sea for numerous ports, some
of which are situated many miles from the coast. With the increased
draft and size of modern vessels, changes in depth or other altera-
tions are frequently found necessary; and such improvements, if of
sufficient magnitude, result in changes in the local tidal datum planes.

The tides in rivers are due to the tides sweeping into them from
the seas into which they open. Normally the tide travels upstream
until stopped by falls or rapids. If the mouth of the river is
widened or deepened, this makes for a freer entry of the tide from
the open sea and thus for a greater rise and fall of the tide. As a
first effect, therefore, of widening or deepening a tidal river at its
mouth, we may expect a rise in the high-water datums and a fall in
the low-water datums. This effect, it is reasonable to expect, will
fenerally be greatest near the mouth of the river, becoming gradually
ess going upstream.

Tidal rivers serve, however, not only as highways for the tide,
but also as channels for carrying to the sea the drainage waters
from large territories. Normally the cross-sectional area of a river
increases seaward, due to the seaward slope of the river bed and the
increasing width between banks. As a consequence, the mean river
level in a tidal river becomes higher in going upstream. Thus,
precise leveling by the Coast and Geodetic Survey shows that at

hiladelphia, about 100 miles up the Delaware, the mean sea level
(or mean river level) is about three-quarters of a foot higher than
mean sea level on the coast, notwithstanding the fact that the range
o}:flf the tide at Philadelphia is somewhat larger than at the mouth of
the river.
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Widening the mouth of a tidal river increases the cross-sectional
area of the channel through which the drainage waters flow into the
sea. As a consequence of the enlarged channel the drainage waters
have freer outlet, which results in a lowering of the mean sea level
some distance upstream. Deepening the mouth has a like effect; in
addition, by reducing the friction per unit volume of water it brings
about a further lowering of the mean level of the water.

If as a result of widening and deepening the mouth of a tidal
stream the mean sea level at a given point o% the river is lowered D
feet and the range increased A feet, the changes in the different
datums would be: Mean sea level, lowered 2) feet; mean high water,
lowered D—14 A feet; mean low water, lowered 2+14 A feet. The
slope of mean sea level up a tidal stream is relatively slight, but the
increase in range of tide consequent upon improvement is relatively
large. For example, at Glasgow, on the Clyde, the range was in-
creased 8 feet by river improvements. It follows, therefore, that as a
rule in the above formulas 77 is less than 14 A. This means that
D—14 A is negative and that high water, instead of being lowered,
is raised somewhat. Low water, however, is lowered by the full
amount of the increase in half range plus the depression of mean
sea level. ‘

These considerations are important in connection with the im-
provement of tidal rivers, since the depthg in these are generally
referred to mean low water. When improvements are contemplated
the wording is generally to the effect that a certain depth at mean
low water is to be attained. At first thought it would appear that if
the desired depth below mean low water is a feet and the present depth
is b feet the channel is to be deepened a—b feet. But as the consid-
erations outlined above show this is not the case, for the datum plane
of mean low water is different in the two cases.

XIV. FORMS FOR TABULATIONS AND COMPUTATIONS
STANDARD FORMS

In the tabulation of the tide record and in the computation of
datum planes the work is facilitated by the adoption of standard
forms. This permits of a uniform procedure which, having been
learned by the tabulator, reduces the time required for the tabulation
and also lessens the chance of error.

Both in the tabulation and in the computation of the tidal data
the Coast and Geodetic Survey makes use of printed forms of uni-
form size, 8 inches wide and 1014 inched long. This size is a very
convenient one for handling, and 1t is also convenient for filing, since
no folding is necessary.

TABULATION FORMS

Comparative readings—The form used for tabulating the com-
parative readings, necessary with the three-roller gauge, was dis-
cussed in Section IV, “Tabulation of the tide record,” and is
illustrated, somewhat reduced, in Figure 14 (p. 27). The form is
printed alike on both sides, one month being generally tabulated on
each side.

Hourly heights—The hourly heights of the tide are tabulated on
a form printed on both sides, each side accommodating a week of
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observations. This form likewise was discussed in Section IV and is
illustrated in reduced size in Figure 12. The sums at the bottoms
of the vertical columns permit the daily sea level to be determined,
while the horizontal sums are used in the harmonic analysis. A
check on the correctness of the vertical and horizontal sums is given
by the final sum in the lower right-hand corner, which must check
from the 7 vertical sums and from the 24 horizontal sums.

The sum of the hourly heights for each month is entered on the
last sheet of hourly heights of the month in the space provided for it
at the bottom of the sheet, and the mean derived by dividing by the
proper divisor for the month in question. The divisors for the
various months are given on the sheet.

High and low waters—The form used for tabulating the high and
low waters is illustrated in Figures 19 and 20. The form is designed
for one month of observations, the first 17 days being tabulated on
one side of the sheet and the remaining days of the month on the
other side. The lunitidal intervals and the heights of high and Jow
water are summed and the means derived as indicated, from which
follows the range of the tide (Mn) and half-tide or mean tide
level (MTL).

On the back of the sheet, illustrated in Figure 20, provision is
made for the sums and means of higher high waters, lower low
waters, and the inequalities of the month. A convenient method of
summing the higher high and lower low waters directly from the
sheet consists in checking each higher high and lower low with a
small check mark. These checked figures may then be readily
summed directly from the sheet and the sums and means entered in
their appropriate places. The DHQ and DLQ are then derived by
subtracting the mean values of the high and low waters of the month
from the corresponding values of higher high and lower low waters,
respectively. Provision is also made on the back of the high and
low water form for deriving mean values of the range of the tide
and of the inequalities by use of the factors in Tables 6 and 7.

COMPUTATION FORMS

Monthly means and extremes—A. useful form in connection with
observations covering several months or more is illustrated in Fig-
ures 53 and 54, “Tides: Monthly means and extremes.” One side
(fig. 53) is used for monthly means and the other side (fig. 54)
is used for the highest and lowest monthly tides.

One sheet of this form is generally used for the monthly means of
sea level and half-tide level, the upper half for sea level and the lower
half for half-tide level. The form will accommodate 10 years of
monthly means. On another sheet of this same form the difference
between the monthly values of sea level and half-tide level is derived.
This gives a check on the monthly values of both sea level and half-
tide level, for the difference from month to month should be very
nearly constant. Any outstanding difference invites scrutiny, which
aids m the detection of errors.

Other sheets of this form may be used for high water, low water,
higher high water, etc. In each case the upper half (A) is used for
the value as derived from tabulation while the lower half (B) is
used for the same datum corrected to a mean value. The discussion
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Form 479

A e s sy S TIDES: MONTHLY MEANS AND EXTREMES
Station:

Obsercations begin Observations end

A

MONTH

Jan,

Feb.

Mar,

Apr.

May
June

Jaly

Aug.

Bept.

Oct.

Nov.

Dec.

Bum.

Mean

REMARES:

MONTH

Jan.

Feb.

Mar,

Apr.

May

June
July

Aug.

Bept.

Oct.
Nov.

Dee.

Sum, "

Mean
f——m

ReMmarks:

DLQ. Txu Totters Dn DLQ l.l{g BHW—MM HW and l(-n LW-—Hun LLW, respactively, For . ofd

Nors. Jnnlonmv headings are to be writlen Hm“A"uM"n"uwnlmmdhmm

LWI, Mean HW, M h‘l hﬂ’l‘ldlhvll Muﬂ Lavel, M , Corrocted Mean. Ru lfhunn H ! .l Corrected D
Parifany lnllno"A."-ndmh R"
lunu and the word “'bour’” ur“lut"-n.bhudo(m-olum lnln mhmn:ﬂ:mm sod Helghts in feet

Fig. 58.-~Form for monthly means, (Front of Form 472)
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Observations begin

Observations end

HIGHEST TIDE OBSERVED

MONTH

[ 24

DATE

DATE

DATK

Jan.

Feb.

Apr.

May

Juze

July

Aug.

Sept.

Oot.

Nov.

Deo.

Year

REMARKS:

LOWEST TIDE OBSERVED

MONTH

DATE

DATK

DATE

rEET

Jan.

Feb.

Mar.

Apr.

May

June

July

Aug.

Sept.

Oot.

Nov, |...

Dec.

Year

Reminxs:

0T8.—Write the year st the head of sach doubile colurnn, 'When the extreine belght for uny month ocours on more than ons. atve the ditfer-
ant datey, BOPAFRIO By comias, The BOIRLRS Aro 1o B phrun i vt and i e ” i

Fig. 54.—Form for monthly extremes,

(Back of Form 472)
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of the variations to which the various phases of the tide are subject
makes it evident that the monthly values derived directly from the
tabulation will show relatively large differences. When reduced to
mean values, however, the differences are much smaller, and if any

CIPARTMENT OF CoMMERCE
4. 5. COAST AND SEODETIC SURVEY

TIDES : Comparison of Simultaneous Observations
(A) Subordinate sution_..ma .)/.«Meé.. Lat. . #E°31. N

(B) Standard station ... 7 ,,..)ﬁaiaﬁ ........... . Lat TS .820N.
Chiel of party. Time Meridian: (A) 1700 W
DATE. (A) BTATION. (B) BTATION, (A)e(B) (A) STATION, (B) STATION, (A)m(P)
Year. Timo of— Time of— Time differsuce, Height of— Helght ot~ Helght difforsnce,
/9%%¥ HW, 1 Lw, aw. Lw, HW. Lw. HW. LW, HW. Lw, BW. Lw,
Mo. D. Houss, Hours, Houss. Houss, Bours, Hours, Feat, Feet, ¥ed, Feet, Frd, Fest,
N AP R W PR B P PP T I O N O
(8.5 2.3 /8 81 230 ~03-a 233,27 /87| 2491 11,08 407 1.1
_________ 28 Bkt 8.0l £, 8 Ol =0.8 22l 15T 8y ] R
(8.9 42a /a4 128! —0. 5 ~0 Bl ¥4ad| 12.8| 427 123 #%| 1.5
bl 9.2 Lal. gl ral onsl-o.Mlyy. 2l 18 ¥ .1 )..0.3) 48 1.9
oo | L | 22| 1500 | e aus| m 0l EHA | K0T | LGt LT | A
,,,,, vl 20,0l w4l s0.4 3.7 o0.6l-0.3l22.0T 597 2807 201 .27 7.7
20. 8 Lb:@| P | Lbo:tt|—tio|—0.4|>v. 1 | V0. 4| 41,1 | /B S0 T.i
3kl sl el Sral 3| 0us|z0.3] xr2sx] 10,07 207 w0l na
2la | B0 >0 | LB — 2.8 0.V Pi.o| Forf Ll [Bida PR 'y 4
19 13.5) S0l = | 8.5 e.tl-0.5lrv. a8 =) 8.3 xTl 7.5
22| 19.017%.9) (2.0l 0:9 0.0 20, ro.0| /8.0 130 4.9 .0
EN = A WY N T T I T I T o e
243 | vod| feh 0| 2p.0f 003 0,433 sa, A\ 18 4 L322 # A 5.
HYW. HLF. HEW, m;?.’ _‘W. "‘f'
Sums..... . 160, L1340, 3178.8 | 2.9.)..31.8..50,4
Mewoa B e e 2
Sums...... =l g labe lode @l 5d.a ;1"4}.{4.‘:
o | - 0.08 =0l ¥r0e 15,57 1127] 106 | 423 211)
HW. ™,
T 0.09] 0.3 4. =Men difference in tims of high und tow water respectively.
TR0X] T 0,03 = for diff in longitude. (Table on back of form.)
Bo—— 0. 44| 0. 38 =(1)4(2)=Mean difference in high and low water intervals, respectively,
Feet. Feet.
(4)e 2.7, 24 =Mean HHW height at (A). {6) = 2R, 4 =Mean HLW height at (A).
(8)m ¥, 0.0.=Moan LEW height at (A). (7) =.L 5.8 7 =Mean LLW height at (A),
(B)=m.... 0.2 3w (4) ~(8)m2DEQ at (A), (9) ... 4.0 8 T0n(5) ~(7)=2DLQ 8t (A).
(10)m 2% 4. Tom §{(4)+(8)]=Mean HW height at (A), (1)L, 7.0 2.2 3{(5)+(T)}mMean LW height at (A).
(12)m ... 4, fo. T.mn (10) ~ (11)=Mn 8t (A). (13) . HQ. L. = 3{(10)4-(11)]=MTL at (A).
(14) = 4 o5 . Mean BHW difference, (15)=.... 7 . X R.aMeany BLW difference.
(16)wm... 4 .7 R =Mean LHW differeace, (17} | £ saMean LIW difference.

(18) w04 L Q.me(14) - (18) =2 DHQ difference. {19)=s 5.1.ne(15)~(17)=2DLQ difference.
(20)sm.... Mo o 4 = §{( 1} 4 (16) Jmw Mean TIW difference, (1), T o M b om§[(18)+(17)]==Mean LW differenca,
(22)me 77 %0 B ¥ (20)-(21)w Mn difference. (23) 00 @ & e }[(20)4(21)]=MTL dilference,
(24)m Lo ¥ 3 (12} +-](12) ~(22)]weMn ratio. (26) e u BBV ea(8)-+[(8) - (18)}=DHQ ratio.
(26)rm_2. 2898 = (9)-+[(9) ~(19)}= DLQ ratio.
Results from comparisan of Stations A and B. awi. "] Lwi MTL. Mn, paQ. | Pra
Laneth of Bories. Fours. Buura, Feet, Foet, Fud. Femt, i
Accepted values for standard station, from d.z:m)évji ..... LM, 48 0. 20 ko k] Thtt) 0.8L) 283
Dittarences and ratios: (3), (23), (21), (25), (26). :.O.u_l_lzn..’m_ @.05( %0473 X0.831 %0. 8
Coroctad values oe tation L #.2700.32 2000 42k 0,02 _nEn
Mean LW on staff st subordinate station=MTL—Mn - .. feet.
Mean LLW on staff st subordinate station=MTL~iMn~DLQ=... /5.1 1. feet.
Computed by . Foubdremrrrcmrsmrry Il Tz BT, Voritod by P Al 2m AT
20— (Date.) {Data,)

F16. 55.—Form for comparison of simultaneous observations. (Front of Form 248)

outstanding values occur they are subjected to examination to make
sure that no errors have been made.

Comparison of simultaneous observations—In connection with a
short series of observations the form illustrated in Figure 55 is useful,
as all the results desired for datum planes are derived on a single
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sheet. It is designed to accommodate seven days of observations, but
it 1s to be noted that it is not necessary that these be consecutive days.
The explanation of the form is given on the back and is reproduced
in Figure 56. The principles underlying the various steps have been
discussed in the preceding sections, so that it is unnecessary to enter
into the details here. In Figure 55 a week of observations at Ana-
cortes, Wash., is compared with simultaneous observations at Seattle.

EXPLANATION OF FORM 248,

This form is designed for the ison of tides at a subordi station for which tidal results are sought, with tho tides observed
simultavcoualy at & standard station for which tidal constants sre known,

For ahort seriea of observations the high and low waters observed at the subordinate station may be tabulated immediately in thiy
form, in which csse it will be unnecessary to tabulate them also in Form 138.

‘The time and height differences arn to be obtained hy subtracting the values at the stanuard station from the values a the aubordi-
nate station, and the results entered with proper signa in the columns indicated.

Find the sums and meana of columns of time difference, height of tide at both stations, and height difference.  For stations on the
Pacific const, where the planc of reference is mean lower low water, the heighta of the higher high, lower high, higher low, and lower
low waters are to be summed separstely, the higher highs and lowor lows being indicated by pencil check marks. For stations on the
Atlantic coast, where the plane of reference is mean low watcr, the heights of the bigh waters may be all combined into a single sum,
and similarly the low water heights; the headings of their sums being made to reed HW and LW, respectively, by striking out the exira
letters.  All mean rosults should be given to two decimala of ita unit, whether hour or foot. 1f any individual difference varies greatly
from the apparent average, and an examination of the original record fails to show an error, that difference should not be included in
the sum; and such & value should be encircled to show that it has been rejected.

Far stations on the Atlantic coast omit (4) 16 (9), (14) to (18), (25), (26), and the computation of DHQ and DLQ at the bottom of the
form. Take (10)=mean high water height at the subordinate station, (11)mmean low water height st subordinate station, (20)=mean
high water difference, and (21) mmean low water difference,

For stations on the Pacific coast, the Jower part of the form should he filled out completely as indicated.

The ion for diff, in longitude (2) may be obtained from the g table. Find the difference in longitude by sub-
tracting the longitude of the subordinate station from the Jongitude of the dard station, idering west as positive und cast as
negutive. The corection haa the same sign as the resulting difference of longitudes.

If the kind of time used at the two stations is different, apply this difference, expressed in hours, to the difference in the time of
tide aa directly obtained, adding if the time meridian of the subordinate station is weat of the time meridian of the standard station,
and sub ing if the time meridian of the subordi station is et of that of the standard station.

Correction for difference in longitude.

Differ~ Differ-| Corroc- | Differ-] Correc- | Differ-| Corree- Corree-  Differ- Correes
e, | tion. f eme. | ton. ence., tion. ence. tion, tioy. ance. tinit,
Hour, ! Howr. . Hous. s | Hour, “ | Hour .
1] o.00t| 31/ o.036 1} 00691 81| 2.130f 61| a.209] o
21 0.002 82| 0.037 2 0.138 32 2,208 62 4.278 92
3( 0.003 331 0.038 3 0.207 33 2.217 63 4.347 93
41 0.005) 32! 0.039 40 02760 41 2.346] 64| 44164 ™M 10,627
51 0008 35! 0.040 81 03450 351 2415] 65| 4485] 95 10. 696
61 0007} 36/ 0.041 6 04141 36| 2484) 66| 4.854] 98 10.%63
74 0.008] 37 0.043 7| 0483F 37| 253 67| 4623 o7 10.834
81 0.009| 38! 0.044 8| o552} 38| 262| 68| 4.602] o8 10. 903
9! 0.010f 39! 0.045 9 o621 89| 2691] 69| 4.761] 99 10,972
10| 0.2 40| 0.046] 20| 0.690) 40| 2760|] 70| 483 100 11040
1| 0013) 41) 0047] 1| 079 41| 2sw| 71| 480§ 102 11.110
12 oo14) 42| o048 121 0.828| 42) 28| 72| 4.ues] 02 11179
13) o018F 43| 0046} 13{ 087 43} 2967)] 78| ob.037) 108 1).248
M| o016f 44 o0051{ M| o #| 30| 4| 5306 104 11,517
151 0.017 45 | 0.052 15 1.035 45 3.105 75 b.175 | 105 11,386
18] 00181 46| 0058] 18| 1.104| 46| 3274) 76| 5244 1
171 00200 47} 0.0s1 17| 1.173| 47| 3.243f 77| 5313 107
18| 0.021 48 | 0.055 18 1.242 48 3.312 78 5.3821 108
191 0.022 49 1 0.058 19 1.8 49 3.381 7 6.451 | 100
0.023 0.058 1.0} 50| 8.40| so| s.520] 110
21| 0.024 5L 0.059 21 1.449 51 8.519 81 5.580 | 111
221 0025 82) ooeo| 22| 158f) 52| s5e8] =2| sess| 112
23) o0.028 531 0.08) 23 1.587 53 9.857 8.727 1 118
24| 0.028 54| 0.062 24 1.668 54 3.726 & 5.796 | 114
25| 0.029 0083| 261 2.725| 88| 3795 85| 5.885) 115
26 | 0.030 56 [ 0.084 26 1794 56 3.864 86 5.934 1 116
27 [ 0.031 57 | 0.068 27 1.363 57 3.938 87 6.0031 117
28 [ 0.032 58 | 0.067 28 1.932 58 4.002 88 6.0712) 118
29| 00331 50 00s8) 20| 2001} 59| 4ori| 80| 6141[ 119
30 [ 0.08% 60, 0.069 2.070 60 4.140 90 6.210F 120 10.851 ] 180 | 12.421

)

F1g. 56.—Explanation of form for comparison of simultaneous observations. (Back
of Form 248)

While generally confined to use with short series of observations,
covering several days only, it is obvious that this form may be used
for correcting to mean values the results derived from longer series
of observations. In such cases the values derived from the observa-
tions are entered in the apgropriate places at the bottom of the
columns of “ Time difference ” and “ Height difference ” and the com-
putation carried through as indicated.
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