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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 lanes are, therefore, the basic lanes of refer- 

Geodetic Survey. 
I n  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 sufficient 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 a t  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 :L manual in the Coast and Geodetic Survey, that the examples 
clmsen are from observations on the coasts of the rnitecl States. 

ence used in the hy 5) rographic and geodetic work o P the Coast and 

\ I  



TIDAL DATUM PLANES 
By H. A. MARMEE, Assistant Chief, DiSi8ion of Tides and Currents, Coast and 

Geodetic Burvey 

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 a t  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 a t  any given place follow 
the moon’s meridian passage by R very nearly constant interval; and 
since the moon in its apparent movement around the earth crosses 
the meridian a t  any place 50 minutes later each day on the average, 
the tide a t  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 : 
HWI 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 is 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, 

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

1 



2 U. S. COAST AND GEODETIC SURVEY 

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 a t  
another place a like rise and fall may be accompanied by a very 
weak current. Furthermore, the time relation between current and 

For the sake of clearness, 
therefore, (‘ tide )’ should glace e used to to designate the vertical movement 
tide varies widely from 

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 hei&t of the water as 60 the phase of the tide. High water i s  
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 i t  is not the absolute height of the 
water which is in question, for it is not at  all infre uent at many 

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 a t  high water, 
and when the fall of the tide ceases and the rise is about to be in 

quently used to designate high and low water, respectively. 
I n  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- 

three hours, when high water is 

manner, the rate of fall being least immediately after high water, 
but increasing constantly ~ Q Y  about three hours, when it is at a maxi- 
mum, and then decreasing for a pr iod  of three hours till low water 
is reached. 

The rate of rise md fall and other characterristicsof 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 % fixed vertical staff graduated to feet and tenths and plotting 
these heights to a suitable scale on cross-section paper and drawing a 
smooth curve through these points. A more 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 suitable scale. Figure 1 shows a tide curve for 
Fort Hamilton, N. Y., for July 4,1922. 

left to right, represent the hours of the day beginning with mi night. 
Numbering the h0ur.s consecutively to 24 eliminates all uncertainty 
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, 

places to have the low water of one day higher than B t e high water 

the tide is at  low water. The abbreviations HW and LW are f re- 

creasiT reache and the rise ceases. T a e falling tide behaves in a similar 
rate for the followin 

% from 
In Figure 1 the consecutive figures from 0 to 24, increasin 
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The difference in height between a high water and a preceding 
or following low water is known as the b L  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 consecutiye 
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 a t  such 

Fro. 1.-Tide curve for Fort Hamllton, N. Y., July 4, 1922 

tinies 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 p!aces 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 da or two later; 

an interval of a day or two. This lag. in the res onse of the tide 

generally ascribed to the effects of friction. 
The varying distance of the moon from the earth likewise affects 

the range of the tide. I n  its movement around the earth the moon 

likewise, neap tides follow the moon’s first and thir i quarters after 

is known as the “ age of phase inequality ” or ‘‘ p E ase age ” and is 
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describes an ellipse in a period of approximately 271/, 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 a t  such 
times is called the ‘(perigean range.” When the moon is farthest 
from the earth, its tide-producing power is diminished, the tides a t  
such time exhibiting a decreased rise and fall. These tides are 
called (‘ apogean tides ” and the corresponding range the (‘ apogean 
range.’’ 

I n  the responPe 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 da when 

rise and fall does not occur on the day of the moon’s apogee, but 
a day or two later. This interval varies somewhat from place to 
place, and in some regions it may have a negative value. This lag 
is known as the “ age of parallax ineqiiality ” 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 23%’. 
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 sma11- 
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 titles begin- 
ning to show decided differences; and at  the times of the moon’s 
maximum semimonthly declination these differences are very near1 
a t  a maximum. But, like the response to changes in the moons 
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 i t  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 a t  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. I n  many regions the variation from neaps to springs is 
the principal variation; in certain regions i t  is the variation from 
apogee to perigee that is the principal variation, and in other re- 
gions i t  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 291/, days in length; the month of the moon’s distance (the 
anomalistic month) is approximately 27% days in length; the month 
of the moon’s declination (the tso IC month) is approximately 271/3 

the moon is in perigee, but a day or two later; likewise, t B e least 

Y 

days in length. It  follows, there P ore, that very considerable varia- 
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tion in the range of tide occurs during a year due t o  the changing 
relations of the three variations to each other. 

DIURNAL INEQUALITY 

The difference between morning and afternoon tideb 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 WLS over 
the Equator, while on the latter date the moon was tit, its maxiniuni 

PIG. 2.-Tide curves, S:in b’rwncisro, Calif., October 18 rind 14, 1922 

south declination for  the month. The upper diagram thus repit.stwts 
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. I n  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 tlie 
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. 

iven to each of the two high and two 
low waters of a tidal day. 8f 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 res onse to 

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 a t  a 
number of other places. 

Definite names have been 

these diurnal forces will exhibit considerable diurnal inequa f ity. On 

TYPES OF TIDE 

From place to lace the characteristics of the rise and fall of 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 closely. 
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. 

I n  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 it is to be noted that 
there are not many such places. When the moon’s declination is 
zero, the diurnaI 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 a t  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. I n  one form 
the diurnal inequality is exhibited principally by the high waters; 

tide generally di B er in one or more respects. But, according to the 
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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, i t  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 
f291/2 days, 271/2 days, and 27Y3 days, respectively. 

I n  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 more. Hence, for tidal 
quantities varying largely with the phase variation, tidal observa- 
tions covering 29 days, or multiples, constitute a satisfactor period 
for determining approximate values of these quantities. B uch are 
the lunitidal intervals, the mean ran e, mean high water, and mean 
low water. For  quantities varying F argely with the declination of 
the moon, as, for example, higher high water and lower low water, 
27 days, or multiples, constitute the more satisfactory period. 

As will be seen in the detailed discussion of the various tidal datum 
planes, the values determined from two different 29-da or 27-day 

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 

periods ma differ very considerably. This is due to t il e fact that 
these perio i s are not exact synodic periods for the different varia- 
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direct coniparison with simultaneous observations at some near-by 
port for which mean values have been determined from a series 
of considerable length. 

11. 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. I n  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, suffi- 
cient shelter from storm waves, and comparative freedom from 
freshets. 

I n  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. I n  tidal rivers draining large areas the effects of 
freshets or of the seasonal variation in amount of drainage waters 
are most pronounced in the u per reaches but become less pro- 

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. 

nounced further seaward. I n  t K c smaller hays and bights, seiche 

TIDE STAFE' 

The simplest means for  obtaining tidal observations consists in 
the use of a tide staff. This may be inade 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 i t  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, i t  becomes difficult to read the height of the tide with any 
degree of accuracy. I n  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 
of the height of the water with ease to thc 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, i t  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 o-f! 
13 consecutive hours every day should be made. 

BENCH MARKS 

The zero of the tide staff should be connected b spirit levels with 

placing of the tide staff a t  the same elevation during the progress 
of the observations, should i t  become destroyed or should its eleva- 
tion be changed b accident. The bench marks will also serve the 

are determined from the tidal obLervations. The bench marks shotild 

a t  least three good bench marks. This will ma E e possible the re- 

further purpose o 9 preserving for future use the datum planes that 

I I 
Fra. X-Standard tidal bench mark, U. S. Coast and Geodetic Survey 

be placed at  some distance from each other so that they are all not 
likely to bc 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 I-cmwinder are more widely distributed to  insure against 
loss from a common c'iiuse. Care is taken to avoid locating the bench 
marks on filled-in ground. 

The qualities that distinguish a good bench mark arc freedom 
from likelihood of change in elevation and ease of finding and 
identification. Disk bench marks fulfill these re uirements well. 
The standard tidal bench mark of the Coast and 4; eodetic Survey 
consists of a brass disk about 3 inches in didmeter, with a shank 
about 2% 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 
i t  is set, and is securely cemented in, so that it will effectively resist 
extraction, rotation, or change of elevation. I f  the wall of a building 
is used, the bench mark should be set Tith its central line horizontal, 
for it is the elevation of this central line that is taken as the elevation 
of the bench mark. I f  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 ood foundation for a bench mark is also 
furnished by a mass o f  concrete with its upper surface slightly 
above the level of the ground, about 2y2 feet deep, 2 feet square on 
the bottom, and 1% 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. 

I f  standard disk bench marks are not available, a small cross cut 
on a rock, building, or other structure may serve the purpo, $e 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 staff 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 thaq 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. 

TABLE I.-Ma;z?imum allotuuble ervws in leveling between bmch marks 
Distance 

between B. Ms. 
(feet) 

Maximum 
error allowed 

(feet) 
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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 urpose of furnishing a reference point for reading the 

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 kee the tape in 
tension, a weight is attached to its upper extremit rly, an$, for a read- 
ing point for measuring the rise and fall of the oat, the tape may 
be made to pass a metal rin fixed at a convenient distance from 

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. I n  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 auge. I n  this method care must be 

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 o eration is 
accomplished in the usual manner with the spirit level. 5 he second 
part is accomplished by floating the float with rod or tape attached 
in 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. 

height o f the tide. It is to be noted that it is necessary to graduate 

the top of the float box, or a % oard may be fixed vertically near the 

taken to have the fixed tide sta 5 near the box gauge, so that a t  any 

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 gau es are on the market, 
some of these tracing a continuous curve an 3 others printing the 

rn&27---2 



12 I'. S. COAST A N D  GEODETIC SURVEY 

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. 

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 
l o  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 8% 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 

There are two clocks, as shown in Figure 4. 
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circumferences of 6 inches, 9 inches, 1'2 inches, and 16 inches, is 
provided with ever machine in order to adapt it to different ranges 
af tide. These ptil r" eys are about 1 inch wide und have threads cut on 
their surfaces to prevent the float wire, one end of which is fixed near 
the edge of the pulley, from minding upon itself. 

TIDAL DATUM PLANES 

C'1:inipetl to tlie Aoat pulley is anot lw tllreadcd pulley (No. 10, 
fig, G ) ,  known as tlie counterpoise p~illcy. This carries a, wire or 
cQrd to which is attached n connterpoise weight that serves to  take 
up the slack in the float wire and rewind it its the float rises. Both 
float pulley and counterpoise pullcg iive dnmpetl 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. I n  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 

pencil holder (No. 15, fig. 5) .  This may be clamped in any desired 
position on the datum e n d  rod (No. 14, fig. 4) but is preferably 

line on the record from which the height of the tide on the curve 
is read. 

clamped near the midd P e of the rod. This pencil marks the datum 
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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 a t  the time of the 
lowest tides. The box is generally made about 1 foot s 
inside, or 1 foot in diameter if cylindrical in shape, and 
to  reach several feet below the lowest tide. It is set 
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 ipe. 

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. I n  waters infested with teredos the metal sheath- 
ing serves the added purpose of reventing the teredos from attacE- 

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. I n  a 12-inch float tube 
a column of oil 1 foot high will require ahout 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 hei ht of oil being the distance 
of the opening below the lowest tide. f f  a greater amount is used, 
i t  will be lost thi-ough the opening a t  extreme low tides. 

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

3 

For a station t ‘E; at is to be occupied but a short time a plain square 

ing the float box. Where the 2 oat box has a considerable length, 

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 hi h. It was 
designed to provide a gauge which can be easily installe f in remote 
localities where wharves and docks are not available. 

The tide curve is made on cross-section paper on a drum 7 inches 
lon This drum is geared to $1 
doc % movement within the drum so as to rotate once in 48 hours, 
giving a time coordinate of 0.4 inch to the hour. The usle carrying 

and 19.2 inches in circumference. 
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the float pulley carries also at one end a gear wheel which meshes 
into an idler ear wheel which in turn meshes into a third ear wheel 

gear 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. 

at  one end o f the pencil screw. The upper and lower o B the three 

FIQ. 6.-Portnble uutomutic 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, 
so that any desired tension may be put on the spring. 

The float well for this portable gauge consists of a section or sec- 
The base of the gauge 

has a sleeve fitted with a short piece o pipe. 31/-inch pipe, the lower end 
tions of ordinary stock 3%-inch .iron 

of which is threaded so that it can be screwed directly on to the float 
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pipe. A bronze casting with an inverted 
cone inside, having a %-inch hole, is 
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 
the installation and operation of this tide 

auge have been issued in Coast and Geo- 
8etic Survey Special Publication No. 113, 
entitled " Portable Automatic Tide Gauge." 

TIDE STAFF AND STAFF SUPPORT 

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 stuff, 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 connection 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 1% 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 
vertical1 along the staff support. To the 

ure 7, is fitted a phosphor-bronze stop . To the back of the tide staff is 
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 clown until the two stop 
plates come together. After a reading 
has been obtained the staff is withdrawn 

top of t % e staff support, as shown in Fig- 

17 

and put into some Drotected dace. The 
phosphor-bronze stop plate 0; the staff 'm tide s t a g  '" port 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. I n  this case, instead 
of wooden guides, use is made of brass castings 6 inches 
somewhat like the letter Z,  which, when screwed on the 

To prevent the 

support, various means may be used. A strip of 

ides for the tide staff. 
water act asp" rom, floating the stop of the tide staff off 

bottom of the staff will give sufficient weight to counteract the 

FIG. %-Stop plate of atnff in place on atop plate of staff 
support 

be fitted to the sides of the staff to slide 
the stop of the staff against the stop 
one form of staff used by the Coast 

held against the stop of the sup- 
means of a locking device fitted into the 

I n  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. I n  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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111. THE TIDE RECORD 

STAFF READINGS 

19 

When the tide record consists of staff readings made at intervals 
during the day, it is of advantage, in preparing i t  for tabulation, 
to plot these staff readings on cross-section aper to a suitable scale, 

of Y .  The plotting of the staff rea,dings 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 €or San Francisco, Calif., from June 1 
to June 7, inclusive, made by plotting the hourly heights of the tide. 
The height scale is s h o m  from 10 to 11 feet for the first tide curve, 
but for the others only the 10-foot line is marked. 

plotting the time along the axis of X and t R e height along the axis 

AUTOMATIC TIDE-GAUGE RECORD 

With automatic gauges em loying cross-section paper the record- 

such a record is ready €or 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 it 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 a t  Washington, D. C., from 
November 24-29, 1924. A t  each visit to the gauge the observer 
places the impression of the stamp above or below the curves, noting 
in the roper places the correct time and the height of the water on 

which each note refers by marking a right angle with its vertex 
Qn 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 a t  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. A t  the beginning of each hour the hour-marking 
device on the gauge causes the pencil to make n short horizontal 
stroke, thus indicating on the curve the beginning of the hour. 

ing pencil is set to give the R eight referred to a tide staff. Hence 

the ti dP e staff. He then indicates the exact place on the curve to 
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Every day, when the observer visits the tide station, he stamps and 
fills in the data of the, note shown on Figure 11. ives the 
necessary information for marking the hours correctly and P or refer- 
ring the heights measured on the curve to the tide staff. The 

This 

F I G .  9.-Tide curves, 8an Francisco. Calif., Plotted from hourly hrightsl 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 gau e at  the end 

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. 

of the month, the observer afIixes a label on the outsi 8 e of the roll 

FIQ. 11.-Speclmen of record made by three-roller tide gauge, Sitka, Alnska, 
December 9, 1924 

IV. TABULATION O F  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. I n  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 lOY2 inches for tabulating 
the hourly heights and the high and lorn 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 tho fact that these tabulated forms are 
used for other purposes in connection with certain stencils which 
require that particular spacing. 

I f  the tide record is on cross-section pa er, 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 

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, 
i t  is most convenient to begin each series of observations 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 tho omission or duplica- 
tion of a day in the tabulation of the hourly heights of the tide, 

TABLE 2.-Daw of serie8, page, and colupnlt for hour@ height tabdathns  

THE RECORD ON CROSS-SECTION PAPER 

lace on the hourly height form. 
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I n  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- 

, I , ! , , , , , , , ,  

- + h a L b 4 3 L L M k L  '?pl b lb-ocs I -A5 *! -hkv 5 i-lrar rL 
Dir,hrr-(ZRdJ 672, (29dJ B96, (30d)  720 (31dJ 744 Mcnn for month- 7 ~ _ _ -  --I 

Sum for month of 

Tnbulntcd by xhf a Date Bummed by A Detc 

FIQ. 12.-Specimen sheet, tabulation of hourly height of tide 

ever, with tides of small range i t  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, 
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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 188 

COMI WP TCODrrlC S U I Y N  
DICIIITHCNT 0- COYM."Cr TIDES: HIGH AND LOW WATERS 

ZL4YA. 

Obrrrwttoru began - Obrrurlianr md Tnmt m n d m n  'Yo. vy L _  

Aec No ____ Parly 0 , 2 d - - - ~  

FIO. 13.--Sprdmen 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 arc 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. 

I n  tabulating times to the nearest tenth of an hour and heights to 
hhe 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 ma be tabulated either as 8.2 or 8.3 hours and, likewise, 6.75 

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. 

feet may l e tabulated as 6.7 or 6.8 feet. Obviously, some definite rule 

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 gau e, it is necessary to determine the relation of the curve to 

compar'ative readings of staff 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 readin s for the tide rec- 

in Figure 14. 
I n  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. I n  the fourth column the tabulator 
notes the height of the curve by his readin scale at  the time of the 

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 oint on the curve, so that the differences 

feet. The scale reading for the datum line in the specimen sheet of 
comparative readings shown in Figure 14 was taken as 4 feet. 

I n  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 P ,  R. 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 

the zero o f ' the tide staff. This is done by means of a tabulation of 

ord at  Charleston, S. C., for the month of Novem f er, 1925, is shown 

staff reading. This height obviously will 5 epend on the height as- 

between staff and scale wi 1; 1 be positive and lie between zero and 2 
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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 
htaff reading of 4.16 feet. ancl thi+ setting must be used on the scale 

rorm . >5  
DErr"r*r*r 0. S.a"*."C. 

<*A,, .*e ClOWllC ."I",. 

T I D E S .  COMPARATIVE READINGS. 

Cl"li"n , dk Lot 3 ? ' 4 7 ' N  
P"tI#Of % I i n o  nmdioo 7 5  * M! Long ? 9' 5 5  W 
flba b q i n  ObS iJ # I  Tabulolsdby 8 e. g. Dale p p  / V . ? s  
I de Gauge No '? 7 Srsle I /A The scale reading of Dnluni L m J w  this C O D I P O I I E D ~  u Y P P fie1 

F I G .  14.-Spccimen sheet, tabulation of comparative readings 

for tabulating that portion of ths 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 ant1 should be corrected before the differences are 
summed for  the derivation of the mean. 

I n  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 reiected from the comwtation for the mean 

I 

difference. 
It is to be observed that the differences between staff and scale will 

vary systematically i f  the inlet to the float well becomes clogged. I n  
that case the difference will be greater than the average for the rising 
title 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. 

I n  connection with the tabulation of the tide record i t  is assumed 
that throughout the periotl 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. I n  
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. I f  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 
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of larger and slower iiuctuat ions, which appear suddenly about 4.45 
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  
E'igurc 16 were caused by a. rapid fall and rise of atmospheric pres- 
sure a t  San Francisco. I n  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. 

FIQ. lB.-Tide curve, Sari l?rancisco, Calif., showing beiches due 
barometric pressure 

ta changes in 

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 aftesr 
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. 

On Novem- 
ber 11, 1922, about 4.30 a. m. Greenwich civil t>ime, 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., *overnber 11, to 4 a. m., 
November 12, 1922. To make these curves readil comparable, they 
are drawn to the same height scale and referre J 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. 

Figure 17 is an example of seiches due to a seaquake. 



30 U. S. COAST A N D  GEODETIC SURVEY 

I n  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. a t  San Diego, about 6.30 p. m. a t  San Francisco, 
ant1 about 7.30 p. m. at Honolulu. 

I n  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 

FIQ. 10.-Tide curve, Atlantic City, N. J., showing selches Clue to Ilvary 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 revailed. To make 

the moon’s transit over the meridian a t  Fort  Hamilton, zero hours 
the tide curves comparable in time, they are re P erred to tlic time of 
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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. 
I n  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 b four hours. I n  all such cases smoothing of the tide 
curve shoul dy 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 

RIG. 18.--Mean and etorrn tide curves, Fort Harnllton. 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. I n  
geueral the procedure is to tabulate the hourly ordinates and the high 
and low waters for such ortions of the record as are complete, leav- 
ing the interpolations to % e 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 
is no more than a day or two, a convenient method is to inter olate 
linearly the times and heights of the high and low waters. &hem 
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 ei h t  interpolated values, com- 

six agree exactly and two differ by one-tenth. 
To interpolate the hourly ordinates for the day in y t i o n ,  the 

values determined above for the times and heights of t e 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 ths 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 interpolatin a break of more than three days 

29 days before and after. This method is based on the fact that the 
three principal lunar cycles, the phase cycle, the parallax c cle, and 

27% days in length. As an example of this method, it may {e 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 rior to June 13 is May 19, and 29 days after 
June 13 1s July 12. f o r  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 corres onding values were 9.5 and 20.2 hours 

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 

parison with the values given for that CY ay on Flgure 13 shows that 

is to take a mean of the times and a eights of the high and low waters 

the declinational cycle are, respectively, 29% days 27% by a s, and 

and 9.6 and 12 feet. Hence t K e interpolated high waters for June 13 
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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 

I n  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 a t  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. I n  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. I n  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 parentheFes. 

I n  the fifth and sixth columns, under the a propriate headings, 

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- 
its. 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 Firgure 20. 
The sums for the whole month are then entered op osite Sums,” 

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 maon’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. 

are entered the differences between the times o P high and low water 

with the number of intervals immediately above an cp the means de- 
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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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F I G .  lS.-Speclmen sheet, computatiaiis for luuitidal 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 f 360= 0.00234 hours 
for each degree of lon itude. Hence, if L is the west longitude in 

use of Greenwich transits is, in hours, -0.00234L. 
degrees of any place, t a e first correction to the intervals derived by 
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To correct the intervals for  the use of standard time, i t  is evi- 
dent that since the difference in local time between two places is l 
hour for each 15 degees of longitude, if S 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 X and L are taken as positive for west longitude 

mrm 1% 

C O U I  u(0 C100171C lynn 
DCPAITYLNT 0. C O U U ~ C S  TIDES: HIGH AND LOW WATERS 

I1 
~~ ~~ 

[ . 1 l l D 0  ,9,,, 
I1 I I1 I / , f  

FIG. 20.-Specimen sheet, computation for lunitidal intervals, high water and 
low wnter 

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 (S- L )  - 0.00234L = 0.066675- 
0.06901L. I n  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 thc 
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' (=122.45O), the 
correction to the intervals becomes 0.06667 X 120 - 0.06901 X 122.45= 
-0.45 hour. The corrected lunitidal intervals for the month, there- 
fore, are 11.61 hours for the high mater 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 3 gives these corrections for the 13 
primary standard time meridians. The time meridian 151" 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] 

38 
39 
40 
41 
42 
43 
44 

-_ - 

Time meridian, 
30" 

+.378 
+.309 
+.240 
+.171 
+.lo2 
+.033 
--.ll"R 

__ - -  

Time meridian, 
450 

50 
51 
52 
53 
54 
55 

--.450 
-.519 
-.588 
--.I357 
--.720 
-.795 

Time meridian, 
00 

Time meridian, 
15' 

rime meridian, 
60' 

~- ~ 

Correc- 
tion 

~- 

Correo- 
tion 

- ~~~ 

Longi- 
tude 

Longi- 
tude 

Longi- Correc- 
tude I tion 

Longi- 
tude 

h n g i -  ' Correc- 
tude ~ tion 

Correc- 
tion 

-- 
Hour 

0. ooo -. 089 -. 138 -. 207 -. 276 
-. 345 -. 414 
-. 483 -. 552 
-. 621 -. 0W 
I_ 

5 
6 
7 
8 
I) 

10 
11 
12 
13 
14 
15 
16 
17 
18 
1 Y  
20 
21 
22 
23 
24 
25 

__ 
~ 

20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

___ 

50 
61 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
09 
70 

__ 
~~ 

Hour 
+O. 550 +. 481 +. 412 +. 343 +. 274 +. 205 +. 130 +. 007 -. 002 -. 071 
-. 140 -. 2011 -. 278 -. 347 -. 41B 
-. 4x5. -. 554 -. 623 -. 692 -. 701 -. 830 

~ . .  

Hour 
+O. 620 +. 551 +. 482 +. 413 +. 344 +. 275 +. 208 +. 137 
+: :: -. 070 -. 139 
-. 208 -. 277 -. 346 
-. 415 -. 484 -. 553 -. 622 -. 691 -. 760 
. -  

Hour 
+o. 655 +. 586 +. 617 +. 448 +. 379 +. 310 +. 241 +. 172 +. 103 + 034 -. 035 -. 104 -. 173 -. 242 -. 311 
-. 380 -. 449 
-. 518 -. 587 -. 056 -. 725 

0 
1 
2 
3 
4 
5 
0 
7 
8 
9 

10 
__ - -  

. ... 

48 -.312 
49 -.851 

_ _  
Time meridian, 

1200 
Time meridian, 

750 
Time meridian, 

900 
Time meridian, 

105' 
Time meridian, 

136O 
___ 
Correc- 

tion 

.__ 

Correc- 
tion 

___ 
Correc- 

tion 

Hour +o. 375 +. 306 +. 237 +. 188 +. 099 +. 080 
-. 039 -. 108 -. 177 -. 246 -. 315 --. 384 -. 463 -. 522 -. 591 -. CBO -. 729 
-, 798 -. 807 -. 930 

-1.005 

Longi- 
tude 

h n g i -  
tude 

Longi- 
tude 
-_ 

0 

95 
gs 
97 
98 
99 

100 
101 
102 
103 
104 
105 
108 
107 
108 
109 
110 
111 
112 
113 
114 
115 

Longi. 
tude 

Lmngl. 
tude 

Correc- 
tion 

Correc- 
tion 

Hour 
+o. 480 +. 411 +. 342 +. 273 +. rn +. 135 +. 006 -. 003 -. 072 
-, 141 -. 210 -. 279 -. 348 -. 417 -. 486 -. 555 -. 624 -. 693 -. 762 -. 831 -. 800 
- 

0 

65 
06 
67 
68 
BL) 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 

84 
85 

a? 

~ 

Hour 
+O. 515 +. 440 +. 377 +. 308 +. 239 +. 170 +. 101 f. 032 -. 037 -. lo6 -. 175 -. 244 -. 313 -. 382 -. 451 
-. 520 -. 589 -. 668 -. 727 -. 798 -. 865 
- 

80 
81 
82 
83 
8-4 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
90 
97 
98 
QQ 

100 

HVUr 
+O. 446 +. 370 +. 307 +. 238 +. 109 +. 100 +. 031 -. 038 -. 107 -. 170 -. 245 -. 314 -. 383 -. 452 -. 521 -. 5w 
-. 659 -. 728 -. 797 
-. 860 -. 935 

0 

110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
128 
127 
128 
129 
130 

Hour 
4-0.410 +. 341 +. 272 +. 203 +. 134 +. 085 -. 004 -. 073 -. 142 -. 211 -. 280 -. 349 -. 418 -. 487 -. 556 -. 625 -. 094 -. 703 

-, 832 -. 901 -. 970 
- -_ 

0 

125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
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TABLE 3.--Correotims to lunitidal intervals for Greenwich, transits and 
standard time-Continued 

[For west longitude, use sign given; for east longitude, reverse sign1 

I-- 1 Time m&dian, 

- 
Longi- 
tude 

_ -  

140 
14 1 
142 
143 
144 
145 
146 1 147 
148 
149 

152 

155 
156 
15, 
158 
159 
160 

- 
Corroc- 

tion 

Hour 
+O. 340 +. 271 +. 202 +. 133 +. 064 -. 005 

-.0;4 -. 143 
-. 212 -. 281 -. 351 -. 421) -. 489 -. 558 -. 627 
-. 696 
-. 765 -. 834 -. w3 -. Q72 

-1,041 

Time meridian, 
157' 30' 

___ 
Longi- 
tude 

0 

148 
149 
150 
181 
152 
153 
154 
155 
156 
157 
168 
159 
160 
161 
162 
163 
164 
165 
166 
1oi 

~ 

Correc- 
tion 

Hour 
$0.288 +. 219 +. 149 +. 086 +. 011 -. 053 -. 127 -. 196 
-. 265 -. 334 -. 403 
-. 472 -. 541 -. 610 -. 679 

-. 81'1 
-. 886 -. 955 

-1.024 

--.',48 

168 -1.093 

_I - _. ~~ 

Time meridian, 
185O 

_- 
Longi- 
tude 
__ 

155 
156 
157 
158 
159 
160 
Ifil 
162 
163 
164 
165 
166 
167 
168 
169 
170 
171 
172 
11 3 
174 
175 

Correc- 
tion 

Hour 
+o. 304 +. 235 +. 166 +. 097 +. e25 
-. 041 -. 110 -. l i 9  -. 2rH -_ 31'4 
-. 386 -. 455 -. 62. 
-. 593 -. 662 -. 531 -. 800 -. 869 
-. 938 

-1. W7 - 1.076 

Time meridian, 
1800 

Longi- Correc- 
tude 1 tion 

a ' Hour 
170 I $0.209 
171 +.ZOO 
172 1 +.131 

1- 

176 -. 145 
177 214 
lis I I'ZG 
179 I -.352 
180 -.421 
181 -.490 
182 - 559 
183 --.I528 
184 --.fig7 
185 --.if36 

187 -.m 
188 I --.973 
I89 ' -1.052 

1% I --.a35 

1IK) I -1.111 
I 

VARIATIONS IN LUNITIDAL INTERVALS 

A glance clown 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. I n  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 hase and declinational cycles. I n  general, dur- 
in0 the phase cycle t e intervals decrease from spring tides to neap sl;lrlng tides. During the ti&s and increase from neap tides to 
declinational cycle, in general, the two hig -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: Pull on the lst, 
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 iz 
period of decreasing values to about the 20th, after which the inter- 
vals begin increasin 

An inspection of &pres  19 and 20 shows that it is the high-water 
interval that exhibits the reatest difference between the two inter- 

1920, was as follows: Farthest south on the 2d, on the Equator on 
the 9th, 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. 

ph 

until the 28th. 

vals of a day. The moons F declination during the month of June, 
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I n  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 
upstr'eam on tidal waterways subject to seasonal variations in fresh- 
water discharge. A t  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 Nowmber, this difference, however, 
averaging but little over 0.1 hour. A t  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 191 1-1920. 

RQ. Il . -An~iual  variation in lunitidal intervula, Philudelphio, Pa. 

The upper curve of Figure 21 shows the average variation in the 
month1 values of the high-water interval for the period 1911-1920, 

horizontal lines through t,he middle of the curvw represent, respec- 
tiveIy, tbe mean high-water and the mean low-water intervals a t  
Philadelphia as derived from the 10-year series, the scale in hours 
bein shown to the left. It appears immediately that a t  Philadelphia 

sunqmer and above its average value in winter. The low-water 
intervals exhibit a somewhat similar annual variation, though it is 
to be noted thaL 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 a t  any given place directly from the tidal observations it is 
necessary to have these observations cover a period of at least one 

while t i! e lower curve shows it for the low-water interval. The two 

the a igh-water interval is below its average value in spring and 
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month. F o r  stations located on tidal waterways subject to considerable 
variation in level due to fresh-water discharge the observations should 
cover a t  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 a t  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 a t  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 4s- 
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 a t  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 a t  hand for both 
places, that the mean values of the lunitidal intervals at  San Frsn- 
cisco were known from a long series of observations, and that i t  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 recqrds a t  both 
places as described previously. A t  L a  Jolla these intervals are, re- 
spectivel , 9.46 hours for the high water and 3.23 hours for the low 

from a series of observations a t  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 lying these same corrections to the intervals 

hours for the high-water interval and 3.23-0.12=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 a t  La Jolla 
were, respectively, 9.03 and 2.79 hours and a t  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 4-0.42 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 

water, w x ile for San Francisco they are 11.68 and 5.09 hours. But 

derived from the wee ty s record a t  La Jolla, we have 9.46-0.01=9.45 
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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 3.11 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 niean values of the lunitidal intervals a t  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 t1)e 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 difierent at  the two places. 
It is also necessary to use the same number of tides a t  both places, 
even though this may make necessary the inclusion at  one of the 
places the high or low water of another day. 

I n  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 t-he instant of the 
moon's local meridian passage, the direct difference between the high- 
water or the low-water intervals a t  two places gives the difference in 
the time of tide a t  the two places only if they have the same longi- 
tude. In  general, therefore, the direct difference between the luni- 
tidal interval a t  two laces does not give the difference in time of 

time of tide a t  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 in 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 a t  I,, 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 ap arent revolution about tho earth is 24.84 hours, the 

0.069 hour. Hence to make I, and I,, refer to the same zero hour the 
correction 0.069 (L,-L,/) must be added to I ,  (since this is the inter- 
val a t  the lace having the greater west longitude) or subtracted 

places is, therefore, given by I,- I,,+O.O69 (L,-L//). 

tide a t  these places. 5 o derive from the intervals the differences in 

time required P or the moon to travel 1' of longitude is 24.84+380= 

from I,,. .F he difference in the time of tide in hours a t  the two 
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As an example, let it be required to determine the difference in 
time of tide a t  La Jolla as compared with San Francisco. For San 
Francisco HW1=11,67 honrs and for La Jolla 9.41 hours; LWI= 
4.97 hours for San Francisco and 3.07 hours for La Jolla; longitude 
of La J0l la=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 -3.07 $0.069 
(122.45 - 117.27) = 2.26 hours. Hi h water at  San Francisco is there- 

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 I, is the interval for a place 
situated in 30' east Iongitude and I,, the interval for a place in 15' 
west longitude, the difference in time of tide at  the two places is 
I,-I,,+O.O69 ( -3O-15)=I~-1,~-0.069X45. If both places are in 
east longitude, the difference is I / -  I,,+O.O69 (-303- 15) =I,- I,,- 
0.069 X 15. 

I t  should be noted that time differences determined through luni- 
tidal intervals are absolute differences of time. I f  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 a t  
the two places and to make the necessary allowance if these time 
meridians differ. 

fore 2.62 hours later than a t  La Jol P a, and low water 2.26 hours later. 

DURATIONS OF RISE AND FALL 

lace permit the determina- 
tion of the average periods of rise and all 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. I n  other words, in 
abbreviated form we have, Rise=HWI-LWI ; Fall-LWI-HWI. 

A tidal cycle involvin a single rise and fall averages 12.42 hours. 

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-t 
12.42- 11.67=5.72 hours. 

VI. MEAN SEA LEVEL 

given P The lunitidal intervals at any 

Hence in using the two 9 ormulas above, when the greater interval is 

DEFINITION 

Mean sea level is the primary tidal datum plane to which all 
other tidal datum planes are referred. As a datum plane, mean 
sect level a t  any point may be defined as the mean level of the sea at  
ihat 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. 
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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 p'urposes. be re- 
garded as constitutin an equipotential surface. 

Within coastal bofies 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. I n  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 
a i  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 Thus, recent geodetic leveling between New 
York City an$°Fkrtland, Me., brings out the fact that mean sea 
level determined from tidal observations at Portland i s  about half 
a foot higher than that deterinined from tidal observations in New 
York Harbor. To  distinguish the two planes of mean sea level, that 

mean sea level while that determined 

It is convenient at times to use the expressions daily, weekly, 
monthly, and pearly sea level. These terms denote, respective1 , 
the sea level derived by averaging the hourly hei hts of the ti J e 
for the period of a day, week, month, and year. k i t h  respect to 
weekly, monthly, or yearly sea level no ambiguit arises, but with 

i t  is determined from the hourlv heights of the day, for this 
determination is possible in three different ways. 

If the hourly hei hts of the tide for any given day are denoted by 
ho, k, h2, - - * f,,, h,,, in which h, is the height at midnight 
beginning the day and h,, the height at midnight ending the day, 
then, strictly, sea level for the day is given by & ($ho+++h,+ 
I&+ . . . + h,, + hZs+ y2h!24). 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 (h,+&+ . . . 
-th2,,+h24). 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 

determined by means of geodetic levelin 

tions may be called local or 

respect to daily sea level it is necesary to de By ne precisely how 

50008-274 
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(h, + h.I + h, + . . . + h,, + h2J.  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 staff 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. I n  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. 

I f  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.; 
i t  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 a t  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 o r  more the differences between these two planes are very 
nearly constant. 

VABIATIONS 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 resultinr average height being 

periods, also those with eriods of half a month or more. Daily 

these so-called long- eriod tides. 

resulting from the. long-period tidal forces are relatively small 
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 

the hei h t  of mean sea level. But the ti i e-producing forces to 
which t f e sea responds include, besides those of daily and semidaily 

sea level therefore varies P rom one day to another in consequence of 

It can be shown t E at the variations in sea level from day to da 
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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 hu e inverted water barom- 

the level of the water will be lowered, while with a decrease in 
barometric pressure the level of the water will rise. 

eter. When the barometric pressure over t fl is arm of the sea rises, 

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 

Figure 22 shows in diagrani- the height of sea level from da 
matic form the changes in sea evel 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 durin February, 1919, four months earlier than the 
period represented i n s i p r e  22 

On the North Atlantic coast of the United States February is 
enerally a month with considerable variation in wind aiid weather. 

tonsequently, 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 chan e in sea level is seen to have taken place 

than 2 feet occurring between these dates. An examination of the 
weather record for these da s discloses marked changes in the velocity 
and direction of the w i d  On the 13th and 14th the wind was 
easterl with velocities up to 35 miles per hour, but on the 15th the 
wind &fted 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 

eriodic; that is, from one day to the next sea level ma be either 
kgher  or lower, de ending on the weather. But, as wil T be shown 

in sea level or, more precisely, an annual variation. Thus, in New 
York Harbor sea level is, on the average, lowest durin the first 

Since daily sea level may gffer by as much as 2% feet during a 
single month, as shown in Figure 28, it follows that within a year 
dail sea level may differ by even great& quantities. During 1919 

?' to day- 

between the 14th and 17t E of February, a fall of somewhat more 

in the discussion o P monthly sea level, there is a seasonal variation 

months of the year and hi hest late in summer or ear f y in fall. 

sea T evel for January 11 was 2.1 feet below the mean sea level for 
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the year, and on November 8 it was 1.6 feet above. For these days. 
therefore, the difference in sea level is 3.1 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 esample, 
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. 

I n  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.-Daily 888 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. I n  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 a t  
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 up er reaches of tidal streams which are subject to 

in connection with the determination of tidal datum planes. Mani- 
fluctuations in P resh-water run-off introduce troublesome questions 
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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 dail 
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. 

H 

FIQ. 23.-Daily sea level. Fort Hamilton, N T., February, 1919 

Figure 24 represents the daily heights of sea level for the month 
of Apri;, 1923, at five stations on the Atlantic coast from Portland, 
Me., to E ernandina, Fla. A glance shows that at PortIand 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 laown 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 a t  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 a pears to be an impression that sea-level changes are a 
function o 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 a t  stations having a small range of tide. That 
there is no basis for this impression, li’igure 24 brings out as regards 
daily sea level. The average ranges of the tide a t  the five stations 
are &s 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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FIQ. 24.-Daily sea level at flve station8 on the Atlantic coaat, 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 sbows 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 ear the difference 

by but 0.74 foot. In  Figure 25 are shown in diagrammatic form the 
between the highest and lowest monthly values o 9 sea level differed 
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F~ch ZS.--Monthly  ea level a t  flve Atlantic coast etations, 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 a t  that time being discontinued. 

I n  discussing chan es in sea level from day to day attention was 
directed to the fact t a at 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 month1 sea level than do 

For  daily sea level the variations a t  Atlantic &ty 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. 

Boston and Portland with ranges of 9.4 and 8.9 P eet respectively. 

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, a t  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 is 
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 a t  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 the 
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 a t  once a parent, there- 

greater at  Albany than a t  Fort  Hamilton, near the open sea. 
fore, that the change in sea level from month to mont f: is very much 
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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. I n  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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FIG. 26.-Annual variation in 5ea level, Fort Hamilton, N. Y., 1916-1920 

Another striking difference between the curves of annual varia- 
tion of sea level a t  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  Alban the river level is hi hest in the spring 

fresh-water flow is evident in the curves of Fi re 27, the sudden 

in the river and the low level during the summer months correspond- 

months and lowest in t i e summer months. 7% e influence of the 

rise during the month of April coinciding wit 8" freshet conditions 
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ing with the minimum of the run-off which occurs during these 
months. 

Athntic coagt.-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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FIQ. 27.-Annual variation in sea level, Albany, N. Y. 

that the nonperiodic variations of monthly sea level are of greater 
mapitude than the strictly periodic. Notwithstanding this, a com- 
parison of the curve of annual variation a t  Fort Hamilton, as de- 
rived from five years of observations (lowest curve, fig. 26), with the 
curve in Figure 28 derived from 28 ears, shows that the character- 
istics of the periodic constituent in t x e 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 
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FIG. 28.-Annual variation in 8ea level, Atlantic coast 

following the name of the station. I n  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 s rin months and above its mean level 

the southern embayment of the coast from North Carolina to Flor- 
in the summer and fall mont h p %  s, t ough exception must be made of 
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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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Fro. 29.-Annual variation in sea level, Gulf coast 

reached in A ril. This, however, is due to the freshet conditions 
obtaining in t K e upper reaches of the Delaware and tributaries dur- 
ing that month. I n  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; a t  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 
the annual variation is dependent to a large extent on the fresh-water 
Bow. 

Gulf comt.-In the Gulf of Mexico tfie characteristics of the annual 
variation in sea level differ somewhat from those on the Atlantic 
coast. I n  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 i t  follows that along the Gulf coast of the United 
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FIG. 30.-Annual variation in sea level, Paciflc 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. I n  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 coa;Bt.-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 
a t  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 

FIQ. 31.--Annual variation In uea 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 var 

AZask-For tl; coast of Alaska fronting the Gulf of Alaska 
there are three stations a t  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. $he 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 

increasing from north to south. 
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based on but three years, are somewhat irregular. 111 general! it 
appears that along this coast sea level is below its mean level during 
the sprin and summer months and above mean level in the fall 
months. %he 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 

I n  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 arisinv from variations in 
wind and weather. Within a year, however, &e annual variation 
balances out, and it now remains to consider whether there are any 
variations in sea level from year to year. 

AtZanEic comt.--In Figure 82 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 i s  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, a t  Atlantic City was 0.7 
foot higher than the precedin Figure 32 shows that at 

consecutive years, from 1912 to 1925, was 0.14 foot. 
The difference in sea level from year to year a t  any point along 

the Atlantic coast is generally 1e.s 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 a t  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 a t  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 

Un- 
Fortunately the observations at  no station have been continued for 
a sufficient number of years to determine accurately the eriods of 

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. 

month. 
Atlantic City the greatest di f f  erence in yearly sea level for two 

eriod of several years following sea level will be falling. 

these cycles. I n  a general way the existence of a cycle wit % a period 
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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 

PIQ. 32.-Yearly aea level, Atlantic coast 

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 
a t  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. Similar1 1919 appears to 
have been a year of unusually high sea level on t 3r: e 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. I n  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 mi ht be desired. In  
Figure 33 the yearly heights at these three GulEcoast stations are 
shown in graphic form. As in the previous figures, the horimntal 
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 coast! 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  ap ars that 
there is a cycle with a period of something like four to R" ve years. 
The Galveston observations also indicate the existence of a cycle with 
a eriod 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. the Gulf coast like 

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 
greater. 

Pacific comt.-For illustrating the chan es in sea level abng the 

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, 

This means, in other words, that alon 
changes in yearly sea level are confined to sma k ler areas than on the 

Pacific coast of continental United States t f; ere are at hand observa- 

50008-27-5 
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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 Iike- 
wise indicated. A comparison of the curves shows that differences 

Kffy We 

FIQ. 33.--Yenrly sea level, Gulf coast 

in the variation of sea level from year to year occur; but in general 
it appears that when sea level is for an one year high (or low) a t  

(or low) all along the coast. 
AZmlcm.-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 

one point on the Pacific coast of the Tp nited States, i t  is also high 
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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, 1429. Com aring these 

years, shown in Figure 34, it is seen that the sea level at  Ketchikan 
from year to year changes in much the same WRY as at Seattle. 

heights with the yearly heights of sea level a t  Seattle P or the same 

PRIMARY DETERMINATION 

The variations in sea level discussed in the preceding sections may 
At any point on the coast sea level be summarized as follows: 

FIQ. 34.--Yeariy sea level, Pacific couet 

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 g e t  or more, Month1 sen level is subject to variations 

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 

of both periodic and nonperiodic c 31 aracter, so that within a year sea 
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second problem is, how can the sea level derived from a short seriw 
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 ractical purposes sea level based 
on nine years or more of tidal o % servations may be taken as con- 
stitutin a primary determination of mean sea level and as giving 

sea level. 
In  this connection, however, it is not to be overlooked that in 

speaking of an accurate determination of mean sea level at an given 
place two assumptions are tacitly implied. It is assumed t yh at the 
mean level of th. sea remains constant, and it is further assumed that 
the relative elevation of land to  sea at the given place remains 
constant. For praotical purposes these tacit assumptions are justi- 
fied, for it is obvious that, in general, any changes eiiher 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 confuslon, 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 a art. 

year groups are illustrated in Figure 35 for two stations, one on 
the Atlantic coast and the other on the Pacific coast. For Port 
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 0.02 
foot. For the 33-year period represented by the Fort Bamilton 

the highest by the last, the difference between the two %roup eing 0.18 and 
data the lowest sea level is given by the first nine-year 

with su #i cient accuracy for all practical purposes the datum of mean 

The differences in consecutive va P ues of mean sea level from nine- 
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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 in 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 DETERMWATION 

Observations covering a period of nine years or more for rimary 
determinations of mean sea level are required at  but few p H aces 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. 

FIG. StL-Nine-yearly sea level, Fort Hamilton, N. Y., and Snn.Franclsco, Calif. 

Day.-Since weather conditions at  widely separated places may 
be markedly different on the same day, it is obvious that, in derivjiig 
mean sea level at  an point from one day of tide observations, corn- 
parison must be ma i e with a near-by primary station at  which the 
changes in sea level will be similar. 

Fi ure 24 shows that daily values of sea level fluctuated about 

value on the 1st and a maximum value on t e 25th, the tide-staff values 
being, res ectively, 7.12 and 8.96 feet. Suppose that from the obser- 

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 Kea 
level reads 13.13 feet on the tide staff. For April 1 and 25, 1923: 
daily sea level on the staff, determined by averaging the 24 hourly 
hei hts of the day, was, respectively, 12.30 and 13.85 feet. 

8 n  April 1, therefore, sea level at Portland was 0.$3 foot below 
its mean value. And since it is reasonable to assume that the fluc- 

!i 1% B eet at  Boston during the month of A ril, 1923, with a rninii~unrn 

vations o f each of these two days it is desired to derive a value of 
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tuation in sea level at  Boston is closely similar to that a t  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 a t  
Portland was 0.72 foot above its mean value, giving for that day a t  
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 
tide station, mean sea level can be determined within a quarter of a 
foot. 

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 a t  Boston reached its lowest stage in January, 
1924, and its highest stage in March, 1924, the values on the tide staff 
being, res ectively, 7.75 and 8.44 feet. For  the same months sea level 
on the ti dp e staff at Portland read 12.80 and 13.41 feet. 

Since 13.13 feet represents the primary determination of sea level 
on the staff a t  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 7.75f0.33-8.08 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. From 
a month of tide observations, therefore, i t  appears that mean sea 
level can be determined within 0.1 foot by comparison with simultane- 
ous observations a t  a suitably located primary tide station. 

I n  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. 

rimary determination of 
mean,sea level on the staff a t  Atlantic 8 t y  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 a t  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 a t  Boston 
is 8.13 feet. Hence the value determined from the month of Janu- 
ary, 1924, when compared with simultaneous observations a t  Atlantic 

From 12 years of tide observations the 
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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 Chesapeake Bay 140 miles 
from the open sea, which feature tends to make the variations a t  the 
two places more unlike than if  both were situated on the open coast. 

Since the series a t  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 a t  Portland is seen to have been at  its lowest level 
in 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 a t  Baltimore. 

Sea level on the tide staff a t  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 a t  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 rtpplic,ability 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 a t  Seattle. Figure 34 shows 
that a t  Seattle yearly sea level was a t  its highest in 1915 and at its 
lowest in 1917, the heights on the staff being, respectively, 14.23 and 
13.88 feet. 

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, res ec- 
tively. Applying these corrections to the figures for sea levey a t  
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 a t  Seattle from 27 years of observations is 14.04 feet. 

The two determinations of mean sea level a t  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, 

These two years will therefore be used. 
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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. I n  general it may be said that one ear of tide observa- 

at a suitably located primary tide station, will give a mean sea-level 
determination correct to within 0.05 foot. 

F w  yeurs.-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 rlt 
period of about four years. This period may therefore be regarded 
as giving very nearly a primary determination of sea level and, if 
corrected b comparison with simultaneous observations at a suitable 
primary ti J e station, should give a very good secondary determina- 
tion of mean sea level. As examples, we ma use the same stations 
as in the preceding section, namely, Portlan by 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 13.09 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 a t  Portland, mean sea-level 
values of 13.14 and 13.06 feet are derived. These compare with a 
primary determination at  Portland of 13.13 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 eriods 1912-1915 and 1917-1920. 
At Seattle sea level for the periof; 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 value$ for the periods 
1912-1915 and 1917-1920 are, respectively, -0.07 and - 0.03 foot. 
Appl ing these corrections to the corresponding sea-level values at 

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 prima determination. I f  corrected by comparison with 

same embayment of the coast, our years of tide observations should 
give, in general, a mean sea-level value correct to within 002 foot. 

tions, when corrected by comparison with simu 9 taneous observations 

Seatt P e, mean sea-level values of 14.01 and 14.00 feet are derived. The 

P simultaneous o T servations at a rimary tide station lying within the 
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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 rimary tide stations. At the 
present time the Coast and Geodetic gurvey is operating eight such 
stations on the Atlantic coast, three on the Gulf coast, four on the 
Pacific coast, and two in Alaska. 

They fur- 
nish primary determinations of mean sea level a t  these stations, 
which are then used as the starting and (( tie-in ” points of the precise 
levo1 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 
furnish the basic data for the study and advancement of the subject 
of tides. 

From the tide observations at any point the lane of mean sea 
level is determined as corresponding to a certain R eight on the fixed 
tide staff used in the tide observations at that point. I n  other words, 
mean sea level at that point may be said to be so man feet and 

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 receding one so as to make 

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 

oint is given as so many feet and hundredths below one or more 
%en, marks. 

The primary tide stations serve a number of purposes. 

REFERENCE TO TIDE STAFF AND BENCH MARKS 

hundredths above the zero of a given tide staff. And i P it were a 

succeeding observations comparable wit R those precehing, it is nec- 

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 waker and mean low water. I t  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 lane should be desi neted as that of “mean half-tide level,” rather t R an (( half-tide level B 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 ordinata 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. It is therefore customary 
to derive these high-water and lorn-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. that, like sea level, 

month to month, and from year to year. From one day to t e 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 difler by as much as a foot. Yearly values of 
half-tide level may show differences of a quarter of a foot or even 
more. 

It will be sufficient to note in summar 

P from 
half-tide level a t  any point on the coast varies P rom day to da 

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 s h e  curve. The 
movement of the tide is compounded of the movements of a number 



TIDAL DATUM PLANES 69 

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 wluter 
below sea level, and hence mean sea, level and half-tide level generally 
differ. 

Obviously, any cause that tends to disturb bhe 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. I n  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 a t  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 

/ 5 /O /.5 CO r.5 30 

0.5 

0 Sea /eve/ 

FIG. 36.--Daily sea kvel and half-tide level, Boston, Mnss., 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 greatest digerencs 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. I n  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 exacebly 
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 occurrence 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.). Su pose 

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 alread But the hourly heights of the 

ing heights on the first day, and hence, although half-tide level 
for the two da s would still be the same, the sea levels would differ. 

I f  monthly H eights of sea level and half-tide level are compared, 
the relation between the two is found to  be less variable than in 

that from that time to the end of the day the direction or ve r ocity 

tide for the remainder o 9 the day would differ from the correspond- 
occurred. 

L92.3 19 24 
Juh A p r  Ju/y Oct Jan Apv July Oet D e c  ' I I I I I I I I I I I I I I I I I I 

F?, 

O S r a  /eve/ H a / f -  fide /eve/ 

FIQ. 87.-Monthlg- ma level and half-tide level, Boston, Mass. 

the case of the daily levels. P i  ure 37 gives the monthly heights 

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, a t  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 a t  any point 
depends upon the amplitude and phase relations between the vari- 
ous constituents of the tide at  that point. I n  the harmonic nota- 
tion the relation is given by the formula ' 

of sea level and half-tide level at  % oston .for the years 1923 and 1924. 

See R. A. Hsrrir, Manual of Tides, Pt. 111, p. 148. 
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Here HTE 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 bea level and half-tide 
level may differ from year to year, Furthermore, the cosine of 
(2M;-Mi) and also of (M;-K;-O;) ma be either positive or 

level, depending upon the phase and amplitude relations. 
Along the Atlantic coast of! the United States cos (2Mi-Mi) 

is generally negative, while cos (Mi - K; - 03 is generally positive. 
Hence along thrs 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 a t  some 
places, while at others it is negative ; the second cosine term, however, 

(K1+01)2 is, as a rule, more is generally negative. Here, however, 
than 25 times as great as M4, and therefore at most places along this 
coast half-tide level is above sea level. 

ear is much 

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, bein at most places greater 
than unity. It is therefore to be expected t a at the relation of half- 
tide level to sea level will differ but little from year to year on the 
Stlantic coast, while on the Gulf and Pacific coasts larger differences 
will a pear. This is brought out by the tide observations. 

In  Pipre  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 re resent, respec- 

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 ri ht or left of the horizontal line. The 
difference given is half-tide f eve1 minus see 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 
hslf-lide level to ma level is very nearly constant, the extreme devia- 
tion from the mean value being but 0.01 foot. For Galveston the 
variation is somewhat mater, attaining in some years a value differ- 

variation is 80 mal l  that m y  periodicit is masked. At Seattle, 

.NO4 and 1923 and the maximum about 1913, giving 19 gears 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. 

negative. Hence sea level may be either a c ove or below half-tide 

M2 

The periodic variation in K, and 0, from pear to 
greater than in M,. Hence, where the ratio of (K,-t- 6 to M, is 

tively, this variation on the Atlantic, Gulf, and Paci Fi c coasts of the 

ing by 0.04 foot from & e mrm valw. At both of these stations the 

however, the periodicity is unmistakable, t E e minimum coming about 
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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- 

Feet 

0. 

4 

1 
o.o/ - 

+ -0. o/ 4' 
- 0.04 

Fro. 38.-Variatlon in relatlon of yearly halStide 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 - t ide  level minus mean 8ea level 

Atlantic coast: 
Portland, Me _ _ _ _ _ _ _ _ - - -  
Boston, Mass _ _ _ _ _ _ _ _ _ _ _  
Providence, R. I _ _ _ _ _ _ _ _ -  
New London, Conn _ _ _ - - -  
Fort Hamilton, N. Y _ _ _ _ _  
Atlantic City, N. J- _ _ _ _ _  
Philadelphia, Pa-- - - - - - - - 
Baltimore, Md _ _ _ _ _ _ _ - - -  
Washington, D. c _ _ _ _ - - _  
Wilmington, N. C _ _ - - - - -  
Charleston, S. c _ _ _ _ - - - - -  
Tgbee Island, Ga _ _ _ - - - _ _  
Fernandina, Fla- - - - -. - - - 
Key West, Fla _ _ _ - - - - _ _ _  
Cedar Keys, Fla _ _ _ _ _ _ _ _ _  

Gulf coast: 

Feet 
-0. 02 
-. 12 
-. 10 
-. 05 
-. 04 
-. 03 
-. 10 
-. 02 
-. 01 
-. 02 
-. 12 
-. 11 
-. 11 

-. 01 
-. 02 

Gulf coast-Continued. 
Pensacola, Fla _ _ _ _  - - - - - - - 
Weeks, La _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Galveston, Tex-_ - - - - - - - 

San Diego Calif _ _ _ _ _ _ _ _ _  
La Jolla, dalif - _ _ _ _ _ _ _ _ _ _  
Lo8 Angeles, Calif-..- - - - - - 
San Francisco, Calif--.. - - - 
Astoria, Oreg--- - - - - - - - - - 
Seattle, Wash _ _ _ _ _ _ _ _ _ _ _  
Olympia, Wash--- _ _ _ _ _ _ _  
Anacortes, Wash- - - - - - - - 
Ketchikan - - - - - - - - - - - - - - 
Ska way 
Val& - -:I: 1111 I 1:: 1: T 

Pacific coast: 

Alaskan coast: 

Feet 
0. 02 . 01 -. 01 

.05  

. 02  

.03 

.06 

. 0 4  . 01 
-. 05 

. 2 2  

-. 02 
-. 13 
-. 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 em loyed in determining the 

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- 
t,ide 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 mme 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 a t  San Francisco for 
the month of June, 19a0, is shown in Figures 19 and 20. Taking 
this month we derive hdf-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 G.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 hi h, so that the 

Francisco, based on this month of observations, reads 8.66-0.01= 
8.65 feet. 

plane of mean sea level becomes applicab P e also to the determination 

correction is -0.01 foot. Hence the corrected half-ti f e level at San 
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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 is indicated for December, 1914. 
Hence the corrected half-tide level at San Francisco will be iven b 
9.26-0.52= 8.74 feet. The two determinations of half-tije levee 
each based on a month of observations, which differed by 0.6 foot, 
after correction a ree within 0.09 foot. These two corrected values, 
moreover, differ P roni the primary determination of 8.61 feet for 
the half-tide level at  San Franclsco 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 comparjson 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. 

VIII. 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 dag 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 hi h 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 ives rise to the feature 

5 

known as diurnal in uality, necessitating t B e distinction between 
higher hi h water and 7 ower hiqh water. When the moon is near its 
semimont a ly maximum declinhon, the two high waters of a day show 

cisco,. Calif., for the month of June, 1920, as re f erred to the tide staff. 

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 hi h water at San Fran- 

In  Flgure 39 these heights are shown graphically, to ther with the 
various positions of the moon during the month. Tg small circles 
give the hei ht of each high water above mean sea level, which is 
represented y the horizontal line in the fi . To indicate clearly 
the succession each high water is joined y 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- 

?Y 
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cessive high waters do not differ greatly in height; near the times 
of the moon’s niaximum north and south declination (the lst, 15th, 
and 20th of the month) the difference between the two high waters is 
greatest. 

Because of the difference in the periods of the various motions of 
the moon various combinations o(-cur. Thus, on the 1st of June, 1920, 
the increased height of high mater 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. 

I n  addition to the variations in the height of high water enumerated 
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, nea 
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, etc. 

I n  different places and for different purposes different high-water 
planes have been used. Of the great variety of such high-water 
planes possible, however, i t  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. 

On the 14th the two high waters differed by 2.4 feet. 

E 

DEFINITION OF MEAN HIGR WATER 

Mean high water a t  any place is the average height of all the high 
waters a t  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 
m d  weather. Indeed, since the tide is primarily an oscillation above 
and below sea level, it is obvious that changes in sea level due b 
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 a t  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. I n  this 
figure the up er diagram gives the average height of the two high 
waters each cf ay, while the lower diagram gives the daily height of 
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F A  

4.0 

3 0  

2.0 

1.0 

0.0 

sea level. A glance suffices to show that, notwithstanding ths varia- 
tions in high water from day to day due to changes in the position 
of the maon, 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 
Fi re 40 the rise of high water above sea level is seen to vary from 
1 ff-' oot to 3 feet, this variation reflecting the periodic changegee 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 tho 
moon was in perigee, and on the 23d new moon occurred; hence 

- 

- 

- 

- 

- 

FIG. IO.-ReIntion of  daily hlgh water to sea level, Atlantic City, February, 1916 

the 23d and 24th the rise of high water was considerably above the 
average, being then about 3 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 vnri- 
ations depend primarily on the phase, distance, and declination of 
the moon, the periods of these being approximately 29%, 27J,& and 
27y3 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. I4 
follows, therefore, that tt much closer approximation t u  the plane oj 
mean high water can be secured from a month than from one day ol 



78 U. S. COAST AND GEODETIC SURVEY 

observations. It remains now to determine what raria tioxis monthly 
high water is subject to. 

I n  Figure 41 are shown the relative heights of month1,y high wnter 
a t  five stations on the Atlantic coast for the years 192:) and 1924. In  
general, consecutive values of monthly high water at, any point 011 
the coast vary about 0.1 or 0.2 foot, though occasionally tho differ- 
ence may be more than half a foot. Within the same yenr the 
monthly heights of high water may differ by as miicti as a foot. 

Fee 

2.4 

LO 

0.0 

FIG. 41.-Monthly beights of high water, Atlantic coast tlde stations 

A comparison of the diagrams of Figure 41 with the correspoiiding 
diagrams of Figure 25, which illustrate the variations of monthly 
sea level, brings out the fact that monthly high natcr 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 clmrtlcteristic of 
monthly sea level. This i s  borne out by Observations and for three 
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stations-one on each of the coasts of continental Unitrtl States-is 
shown graphically in Figure 42. The corresponding curves of RIP 
nual variation in sea level for these three stations are shown in 
Figures 28, 29, and 30. Comparing corresponding curvtx, it  is seen 
that the annual variation of high water follows that# in sea lwel 
closely. 

Monthly high water at any point is thus subject to variations 110th 
periodic and nonperiodic in character ; and in both of these it follows 
closely the like variations in sea level a t  that point. 

YEARLY HIGH WATER 

Turning now to the variations in the height of yearly hi h water, 

Feb Mdr Apt- Muy June July Aug Sept O c f  Nov D L  

it is found, as was to be expected, that these are much sma 7 ler than 

Jdn 
I I I I I I I I I I I I 

FIQ. 42.-A1inual variation in high water 

the variations from month to month. I n  Figure 43 are shown the 
yearly heights of high water a t  six stations on the Atlantic coast. 
General1 , consecutive year1 heights of hi h water at  a station arc 

a t  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 

as much as half a foot, even at stations free from the disturbing 
b$ e ects brought about by large fluctuations in river discharge. 

A comparison of the curves of Figure 43 with the corresponding 
curves of Fi ure 32, which give for the same stations the variations 

high water, early high water varies in much the same way as yearly 
sea level. t fact, yearly high water follows the variation in  sea 
level much more closely than monthly sea level. 

seen to d iffer by not more t P Ian a few hun Ti redths of a foot, though 

in sea level 9 rom year to year, shows that, like daily and monthly 
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I f  yearly high water varied exactly as sea level, the rise of high 
water above sea level at any point would, from year to ear, be con- 

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 

stant. This, however, is not the case, for observations s i ow that the 

Fro. 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 cahanges 
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 
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the height of hi h water above sea level from year to year is plotted 

the period being approxiinately 19 years. I n  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 tIie diagrams represent for 
each of the stations the avernge height of high water above sea level 
derived from the whole series of observations a t  that station, this 
height in feet being given by the figures a t  the right or left of the, 
horizontal lines. For 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 nislsk the periodic variation, but a curve drawn to fit the 

for a number o P years, a distinct periodic variation comes to light, 

/89J /a00 / S O 2  IS10 1.916 1920 19Cd 

FIG. 44.--Vnrintion of ywrly high wrctcr in relation to  #ea level 

yearly heights would show a maximum nbout 1916 and minima about 
1905 and 1923. For San Francisco a like curve indicates minima 
about 1599 and 1916 and maxima about 1907 and 1925. 

From theoretical considerations of an astronomical character it 
follows that there should be a periodic variatim in the rise of high 
water above sea level having a period of 15.6 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 constitiients of the tide. 



82 U. S .  COAST AND GEODETIC SURVEY 

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 (Kl+Ol) +M,. Where har- 
monic constants are not at  hand this ratio ma be derived, approxi- 
mately, from the formula, 2(DHQ+DLQ) +&n, 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 hi h-water and lower low-water datums. I n  Table 5 
the ratio of K1+& to M, a t  a number of points along the coasts of 
the United States are given. 

TABLE B.-Ratio of K1+Ol to  &Iz 

Atlantic coast: 
Eastport, Me _ _ _ _ _ _ _ _ _ _ _ -  - 
Portland, Me _ _ _ _ _ - - - - - -  - 
Boston, Mass _________..--  
Newport, R. I _ _ _ _ _ _ _ _ _ _ -  - 
Providence, R. I _ _ _ _ _ _ _ _ _ -  
New LondoD, Conn _ _ _ _ _ _ -  
New York, N. Y- - - _ _ - - -  - 
Albany, N. ,Y- - - - - - - - - -  - - 
Sandy Hook, N. J _ _ _ _ - - -  - 
Atlantic City, N. J _ _ _ _ _ _ _  
Lewes, Del _ _ _ _ _ - - - - - - - - -  - 
Philadelphia, Pa-- _ _  - _ _  - - - 
Old Point Comfort, Va- - - - 
Richmond, Va _ _ _ _ _ _ - - - - - -  
Washington D. C 
Baltimore, k d -  - -1: 1: 1: 1 
Wilmington, N. C - - - - - - - - 
Charleston, S. C _ _ _ _ _ _ _ _ _ -  
Savannah, Ga .___________ 

Fernandina, Fla- - - - - - - - - - 
Gulf coast: 

Key West, Fla _ _ _ _ _ _ _ _ _ _ -  1. 02 
Cedar Keys Fla _ _ _ _ _ _ _ _ _ -  .97 
Pensacola, h a  _ _ _ - _ _ _ _ _ _ _ _  13.21 
Fort Morgan, Ala _ _ _ _ _ _ _ _ _  10.46 
Biloxi, Miss _ _ _ _ _ _ _ _ _ _ _ _ _ _  9. 66 
Cat Island, Miss _ _ _ _ _ _ _ _ _ _  8. 66 
Port Eads, La _ _ - _ _ _ _ _ _ _ _ _  14.34 
Galveston, Tex _ _ _ _ _ _ _ _ _ _ _  2. 71 

Feet 
0. 10 
.19 
.18 
.22 
.20 
.37 
.24 
. 34 
.23 . 31 
.31 . 24 
.27 
.21 
.20 
.83 
.32 
.24 
.18 
.21 

Feet 
1. 04 
1. 31 
1. 14 
.98 
.71 
1. 79 
1. 21 

. 63 

.43 . 67 

.53 

.59 

.41 

.41 . 68 

. 58 

.41 

.29 

.69 
2. 07 
1. 88 . 71 
. 86 
3. 82 . 65 

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 lar e 

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 dail constituent of the tide to the semi- 
daily, defined by (K, + 0,) f %,, 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 

regions, so that at any desired point this ratio ma be taken to % e 
the same as at  a station in the general vicinity w fl ere it has been 
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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 sniall 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 inore useful to give the 
reciprocals of such values, for these reciprocals constitute the factors 
for correcting the rise of high water over a iven period to a mean 
value. Table 6 gives these factors for eac% year of the 60-year 
period 1891-1950 as computed from Tables G and 14 of Harris's Man- 
ual of Tides, Par t  111. As will be seen later, these are also the 
factors for correcting the fall of low water to a mean value. 

TABLE B.-Faotora for correcting high! water and low wafw lo mean ralrics 

1.013 
1. on 
1.027 
1.029 
1.029 
1.025 
1.018 
1.008 
0.999 
0.989 

0.880 
0.974 
0.971 
0.971 
0.973 
0.979 
0.987 
0. 997 
1.007 
1.017 

1910---* .______. ..____ 1.015 

0.972 
0.971 
0.971 
0.976 
0.981 
0.991 
1.001 
1.011 
1. cno 
1.026 

- 

0.3 
to 
0.4 
__ 
1.013 
1.021 
1.020 
1.028 
1.028 
1.024 
1.018 
1. OOg 
0.999 
0.888 

0.975 
0.972 
0.972 
0.974 
0.980 
0.987 
0.997 
1.007 
1.016 

1.023 
1.028 
1.028 
1.027 
1.022 

1.005 
0.995 
0.985 
0.979 

0.973 
0.9i2 
0.972 
0.976 
0.982 
0.991 
1.001 
1.011 
1.019 
1.020 

1.028 
1.028 
1.020 
1.019 
1.011 
1.002 
0.991 
0. w 
0.970 
0.972 

a 881 

1.014 

0.5 
to 
0.0 

1.012 
1.020 
1.025 
1.020 

1.023 
1.017 
1.008 
0.999 
0.990 

0.982 
0.970 
0.974 
0.974 
0.976 
0.881 
0.988 
0.997 
1. 007 
1.015 

1.022 
1.020 
1.020 
1.025 
1.021 
1.014 
1.005 
0.995 
0.980 
0.980 

0.976 
0.974 
0.974 
0.977 
0. 9x3 
0.991 
1.001 
1.010 
1.018 
1.024 

1.020 
1.028 
1.024 
1.018 

1.002 
0.882 
0.983 
0.977 
0.974 

1. 020 

1. oia 

- 

0.7 
to 
0.8 

1.011 
1.017 
1.022 
1.023 
1.023 
1. om 
1.015 
1.008 
0.999 
0.991 

0.984 
0.979 
0.970 
0.970 
0.978 
0.982 
0.989 
0.998 
1.006 
1.014 

1.019 
1.023 
1.023 
1.022 
1.018 
1.012 
1.005 
0.996 
0.988 
0.981 

0 978 
0.970 
0.970 
0.980 
0.985 
0.992 
1. 001 
1.009 
1.010 
1.021 

1.023 
1.023 
1.021 
1.010 
1.010 
1.001 
0. 992 
0.885 
0.880 

___ 

a 970 

__ 

0.9 
to 
1.0 

1.009 
1.015 
1.019 
1.020 
1.020 
1.017 
1.013 
1.008 
1. OM) 
0.992 

0.980 
0.982 
0.979 
0.979 
0.981 
0.985 
0.991 
0.998 
I. 005 
1.012 

1.017 
1.019 

1.019 
1.010 
1.010 
1. OM 
0.997 
0.99a 
0.984 

0.981 
0.97Q 
0.97B 
0.983 
0. 9 s  
0.994 
1.001 
1.00s 
1.014 
1.018 

1. OM 
1.018 
1.014 
1.008 
1.001 
0.994 
0.988 
0.983 
0.978 

- 

1.020 

1.020 

_- 
1.1 
to 
1.2 
__ 
1.008 
1.012 
1.010 
1.017 
1.017 
1.014 
1.010 
1.005 
1. OOO 
0.994 

0.989 

0.983 
0.983 
0.884 
0.988 
0. %xi 
0.899 
1. 004 
1.010 

1.014 
1.016 
1.017 
1.010 
1.013 
1.009 
1.003 
0.997 
0 992 
0.987 

0.984 
0.983 
0.983 
0.888 
0. 990 
0.995 
I .  001 
1.008 
1.011 
1.015 

1.017 
1.017 
1.015 
1.011 
1.007 
1.001 
0.995 
0.990 
0.988 
0.983 

0. 985 

~- 
1.3 
to 
1.4 

1.006 
1.008 
1.012 
1.013 
1.013 
1.011 
1.007 
1.004 
1. ooo 
0.996 

0. 992 
0.989 
0.987 
0.887 
0.988 
0. w1 
0.905 
0.699 
1.003 
1.007 

1.010 
1.013 
1.013 
1.013 
1.010 
1.006 
1.002 
0.908 
0.904 

0. 9s8 
0.987 
0.687 
0.889 
0. 993 
0.997 
1.m 
1.006 
1.008 
1.011 

1.013 
1.013 
1.011 
1.008 
1.006 
1.001 
0.997 
0.993 
0.989 
0.987 

0. 990 

- __ 

1.6 
to 
1.6 
_ -  
1.004 
1.005 
1.007 
1.008 
1.007 
1.006 
1.005 
1.002 
1. OM) 
0.998 

0.993 
0.992 
0.992 
0.993 
0.995 
0.997 
0.999 
1.002 
1.004 

1. 006 
1.007 
1.008 
1.007 
1.006 
1.004 
1.001 
0.998 
0.997 
0.91 

0.993 
0.992 
0.993 
0.993 
0. 998 
0.998 
1. OM) 
1.003 
1.005 
1. MXI 

1.008 
1.008 
1.006 
1.005 
1.003 
1. ooo 
0.998 
0.996 
0.993 
0.998 

a 995 

- 
1.7 
to 
1.8 

1.001 
1.001 
1.001 
1.001 
1.001 
1. 001 
1.001 
1.001 
I. OM) 
1. OM) 

0.999 
0.999 
0.999 
0. gge 
0.999 
0.899 
0.899 
1. OM) 
1. OM) 
1.001 

1.001 
1.001 
1.001 
1.001 
1.001 
1.001 
1. OM) 
1. OM) 
0.999 

0.999 
0.99Q 
0.999 
0.990 
0. RQS 
1. ooo 
1. ooo 
1.001 
1.001 
1.001 

1.001 
1. 001 
1.001 
1.001 
1.001 
1.ooO 
1. ooo 
0.998 
0.m 
0. m 

0.990 

. -  

1.9 
to 
2.0 

0.998 
0.996 
0.995 
0.994 
0.995 
0.888 
0.996 

1. OOO 
1.002 

1.004 
1.005 
1. ooo 
1. ooc, 
1.005 
1.004 
I .  002 
I. OOO 
0. $98 
0.997 

0.996 
0.995 
0.994 
0.695 
0.996 
0. 997 
0.999 
1. 001 
1.003 
1.005 

1.000 
1. ooo 
1.000 
1.005 
1.003 
1.002 
1. ooo 
0.998 
0.986 
0.995 

0.994 
0. 994 
0.995 
0.996 
0.998 
1. ooo 
1.001 
1. w 
1.005 
1.006 

0. m8 
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TABLE 6.-Factors f o r  correcting high water and low water t o  mean t-ulues-Con. 

1941.-.. _ _ _  - _ _  - - .. ~ ..- 
1942 .................. 
1943 .................. 
1944 .................. 
1945 .................. 
1946 .--. . -. - .- .-. - .--. 
1947 .................. 
1948 .................. 
1949.-. 
19 m..... 

............... 
............. 

0.971 
0. 972 
0.977 
0.985 
0. 995 
1.005 
1.014 
1.023 
1.028 
1.029 

0.3 0.5 0.7 

;: ~ I ,“P, 

0.972 0.974 0.976 

0.978 0.979 0.981 
0. 985 I 0.986 0. 987 

0.073 1 0.975 1 0.977 

0.095 0.995 0.99G 
1.005 1.005 1.004 
1.014 ~ 1.013 1 1.012 
1.022 1.021 1.018 
1.027 1 1. 025 1.022 
1. 028 j 1. V26 1 1.023 

- __ 
0.9 
to 
1.0 

0.979 
0.980 
0. 984 
0. 990 
0.990 
1.004 
1.010 
1.016 
1.019 
I. 020 

____ 
~ 

1.1 
to 
1.2 

~ ~~ 

0.983 
0.9M 

0. 692 
0.997 
1.003 
1.008 
1.013 
1.016 
1. 017 

0.087 

__ __ 
I .3 
to 
1.4 

0.987 
0.6% 
0.691 
0. 994 
0.998 
1.002 
1.006 
1. Mx) 
1.012 
1.013 

__ __ 
1.5 
to 
1.6 

0.992 
0. 9x3 
0.994 
0. 697 
0.999 
1.001 
1.004 
1.006 
1. 007 
1.008 

___ 
~ 

1.7 
to 
1.8 

0.999 
0. 999 
0. 699 
0. 999 
1. ooo 
1. m 
1.001 
1.001 
1.001 
1.001 

- - 
1.9 
to 
2.0 

1.006 
1.000 
1.005 
1.003 
1.001 
0. 999 
0.997 
0.996 
0. 995 
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,+O, 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. I n  other words, this correc- 
tion is relatively large for tides of the sernidaily 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 hi h waters during a period of 
19 years will constitute a primary fetermination of the plane of 
mean high water. 

I n  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- 
Fidered as eliminated within a period of nine years. I n  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 
exemplified 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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_I_---_- ___ 
Fort Ilaniilton, N .  Y 

- -~ 

Mean 
high 

RTOlIP 2::; Fnrtor wntcr 
level from nbovo 

&,lf ,;;fm ;;;;: Tel)lrO hnlf- tldP 
Iwrl le\ cl 

Feel F e e f  Fee l  -1 $+et 

Nine-year HiKh 1;;;: IIlRh 

_I_--- 

1893-1801 _ _  8 18 5 8Y 2 20 2 a2 
3802-1H10.-. 8 32 5.04 2 38 
1911-1911) .. 8 32 5 YH 1 2 34 I! % 
- -- 

-- - . __ __ ____- 

SHn Frnnciwo, CHllf. 
I___- - -  - 

Menn I high 
group tide 2;;; FRctor water wty level from nbovo ocfl ;i:L Tnble6 hiilf- 

tide 
level 

Feet .,et' Fee1 Feet 

High Ninr-yoHr Ir,gh lltllf- 

levcl 1 
2 _____ 

lXHP-1BOB.. 10.55 8 57 I 1.98 0 990 1.96 
1007-1915.. 10 5H 8 FA 1.95 1." 1.87 
1H16-1Y24.. 

10: 
8.58 1 1.YY ~ ,992 1 1.97 

-_ 
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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, is 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 eriod 1893-1911 and 2.37 feet, for 
the 19-year period 19061922. Fp or 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, i t  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 hi h 
wateq above half-tide level, correct within 1 per cent. Hence t fl e 
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 varyinv in length from less than a 
month to one or more years two di&erent methods may be used 
to derive a mean value of the lane of mean high water. The 
results from the tabulation may {e corrected either by Table 6 or 
by comparison with the results of simultaneous observations at a 
near-b station for which a primary determination is at  hand. The 

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 a t  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 cbrrection 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 mater on staff and the 
corresponding height of half-tide level on staff. The height of high 
water above half-tide level will be iven instead, These heights, the 
correction factors, and the derive$ values of mean high water for 

proce B ure and accuracy attainable will be illustrated below for  
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_ _ _ _ _ ~ ~ ~  ~~ ____ _ _ _ ~  ~~~~ ~- _____ 
Fort Hamilton, N. Y. 

I 
Year High 1 Factor hlr$zt.er above 

level , halCtidP ~ 4:;: 6 h::$& 
level 

Feet 

. .  _ _  ~~~~~~ 1 ~ ~ ~ ~ ___ 

.......................... 2. 36 
1918 .......................... .995 2.38 
1013 

1922 .......................... 1 2.45 .971 2.38 
... 

Fort Hamilton and San Francisco for the years 1913,1918, and 1922 
are given below in tabular form. 

___~. - 

San Francisco, Calll. 

Mean 

from above 

level 

Feet Feet 

ni:igter Factor high water 

h~~~~~ Table 6 half-tide 

-----____ .~ 

1.96 1.017 1.99 
1.98 ,997 I. 97 
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 tesl 
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 B 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 a t  Fernandina was 2.94 feet above half- 
tide level. It follows, therefore, that the 1913 value must be in- 
creased by the ratio 3.00S2.94 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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I n  the table mean high water a t  the comparison station is given in 
abbreviated form as MHW. 

Mean high water front o w  uear of observations 
--_----.---____--__I_--_-._ _- - ..~.~ __I_.-_. 

I Fort Hamilton, N. Y. 

i (Comparison station, Fernandinn, 
MMW ==3.00 feet,) 

High 
water 

at yom- 
parison 
station 

Feet 
2. 94 

3.09 
3. n i  

_ -  

Factor 
for cor- 
rection 

1. mn 
.997 
.971 

~ 

-~ 

Mean 
high 

water 
above 

half-tide 
level 

Fert 
_ _ ~  - 

2.34 
2.311 
2.38 

-- - -. __ - ~~ 

San Francisco, Calif. 

(Comparison station, San Diego, 
MIIW=l.% feet) 

High 
water 
above 

half-tide 
level 

Feet 
1.96 
1.98 
1.99 

-- 

IWh 
W a t e r  

at com- 
par i son 
station 
- ~ -- 

Fee6 
1 93 
1 96 
1.97 

- -~ 

Factor 
lor cor- 
rection 

1.016 
1.000 
.095 

_ ~ _ _  

Mean 
high 

water 
above 

half.tide 
level 

Feet 
1.69 
I .  98 
1 . 9 8  -_ 

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 results correct within 0.06 foot. For San Francisco the primary 
value of mean high water is 1.97 feet, so that the method of cornpri- 
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 tl 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 respectiveIy 29y2, 271/2, and 27?4 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 i t  is better to use a group 
of 29 days in deriving mean high water by use of Table 6. I n  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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I 1913 

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

1918 

I 1913 

Feet 
2.35 
2.33 
2. 28 
2. 2g 
2.27 
2.31 , 

1918 

1.029 
1.029 
1.028 
I. 029 
1.028 
1.028 

Feel 

2.35 
2.30 , 
2.34 
2.38 I 

Feet 
2.35 
2.37 
2.42 
2.42 
2.39 
2.3fi 

1. ooo 
.998 
.9w . sQ5 . M13 . 0 1  

Feet 
2. 35 
2.37 
2.41 
2.41 
2.37 
2.34 

level 

Month 

Feet Feel Feel 
1.991 1 . m  1.99 

.999 1.94 

.998 1.94 

January.. ~. . . __. .__. - _ _  ___.-__ 
March-. _ _  -. . - ~ - .- ~ ~ _ _  - -. ~ - - ~ 

May __________.______...----.- 1.92 1. 017 1.95 1.94 
July _____. -. _ _ _  __.________ ~ .___ 1.92 1.017 1.96 .997 1.97 

1.98 
2.00 

September. _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.99 1.017 2 0 2  
November. - _ _  _ _  .-. _ _  _ _ _  _ _  _ _ _  - 1.99 1.017 2 : 4  201 .996 

2. 01 1.017 
1.97 1.017 

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, whicl: 
is 0.07 foot. It may therefore be taken that one month of observa- 
tions, corrected by Table 6, will determine the lane of mean high 
water, with respect to half-tide level, within 0.1 f oot. 

From a month of observations the plane of mean high water may 
also be determined by com arison with simultaneous observations at 

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 ma be 
quite different a t  the two places. Therefore Atlantic City wil s be 
chosen as comparison station for Fort Hamilton, but San Diego will 
again be used as comparison station for San Francisco. 

A t  Atlantic City the rimary determination of mean high water is 

some station having a simi Y a r  type of tide. As an example, we may 

2.02 feet above half-ti C f  e 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 Januar 7 

water was 2.35 feet above half-tide level. Hence mean high water 
would be 2.35X 1.031=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 f rom one month of observations, Fort Hamilton, N .  Y .  

to a mean value. 'At Fort  Hamilton for that same month hig il 

Feel 
1.90 
1.99 
1.95 
1.95 
1.97 
1.97 

Month 

1.031 
1.015 
1.036 
1.030 
1.025 
1.025 

January..-. . . -. . . . 
March.-. .-. .-. ..... 

Factor 
for cor- 
rection 

1.010 
.m 
1.054 
.986 
1.028 

1.021 

May. ._____.._.__.._ 
July ___....___ ~. .... . 
September. . . -. -. . . . 
November. -. -. . 

Mean 
high 

:{Jg 
level 

Feet 

hdf-tide 

-- 
2. oa 
1.95 

2.02 
1.96 
2.04 

I. m 

_ - ~  - 

High 
water 
above 

half-tide 
level 

_ _ _  
Feet 
2. 35 
2.33 
2.28 
2. 29 
2. 27 
2.31 

_ _  

1913 

High 
water 

at com- 
'parison 
station 

Factor 
for cor- 
rection 

Mean 
high 

water 
above 

half-tlde 
level 

Feet 
2. 42 
2. 36 
2. 36 
2.37 
2.33 
2. 37 
- 

.___ 

High 
water 
above 

half-tide 
level 

&et 
2.35 
2.37 
2.42 
2.42 
2.39 
2.38 

1918 

High 
water 

at com- 
parison 
station 

Feet 
1.98 
2.05 
203 
2.08 
2.04 
1.99 

_.__ 

Factor 
for cor- 
rection 

.___ 

1. 020 
.9m 
. 995  
.98l .w 
1.015 

- 

Mean 
high 

water 
above 

level 
half-tide 

Feet 
2. 40 
2 33 
2. 41 
2.37 
2.37 
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 
abservations. 

For San Francisco the results derived for every other month of 
the years 1913 and 1918 are given in tabular form below. The com- 
parison station is Snn Diego, at which the plane of mean high water 
is 1.96 feet above half-tide level. 

Mean high water from one month of obsefwatfona, &an Francisco, Colif. 

I 

I- 

I- 

January _ _ _ _  - - _ _  - - - - --I FztOl 
March _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  1.97 
May ______________.__ 1.92 
July.--. _ _ _ _ _  ~ _ _ _ _ _ _  _ _  1.92 
aptember- _ _ _ _ _ _ _ _  _ _  1.99 
November. _____.__.__ 1.99 

Hluh 
water 

at cpm- 
parison 
station 

Feet 
1.94 
1.98 
1.92 
1. 86 
1.99 
1.91 

High 
water 
above 

half-tide 
level 

Fed 
1.64 
1.94 
1. 94 
1.98 
1.99 
2.01 

1918 

High 
water 

at com- 
parison 
station 

Feet 
1.95 
1.98 
1. 95 
1.99 
1.97 
1.91 

Factor 
for cor- 
rertion 

1.005 
.QMl 

1.006 
.985 
.996 
1.020 

Mean 
high 

water 
above 

half-tide 
level 

Feet 
200 
1.92 
1. 95 
1.96 
1.98 
206 

The primary determination of mean high water above half -tide 
level at San Francisco 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 a t  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, a t  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 For t  Hamilton and Sail Francisco dur- 
ing the month of May, 1913, malting 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. 

MfatL  h i g h  wa ter  froni o m  da?j of nhaerrntioiis 

1913 
Mny 1 ................ 
May R ............... 
Mny 11 ............... 
Mav E .  ........... 

1 m  
1. n5 
2. 53 
2. 13 
2. 58 

hlny 21.. ............ 2. X2 
Mny 2 . .  .......... 1.72 
May 31.. ........... 1.90 

FPft 
I .  50 
2. in 
1.7s 
2. 21 
2. 45 
1.15 
1. %57 

1. 35 
. !)3 

1 .  13 
. x!i 
.H2 

1.30 I 
1.29 1 

P P t l  
2. <w 
2. 35 
2. 41 
2.30 
2. 31 
2. 39 
2. 46 

wntw 
nbove 

half-tidr 
level 

- 

Feel 
1. e5 

1.80 I 
2. n.5 

lligh 
watw 

at com- 
perison 
station 

Fl P I  
1. no 
1 .  4x 
2. 25 
2. 35 
1. 25 
1. 65  

2.20 

, 1 

It is to  be noted that the heights given in the second ant1 tliirtl 
columns of the table for  For t  Hainilton and in the first and secontl 
columns for  San  Francisco arc not the heights of high water meas- 
ured on the staff but the heights of high water above tlic half-titlc 
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 (lay was 
subt ractecl. 

B’or For t  Hamilton tlie primary ctetcrmination of niean high water 
is 2.37 fcct above half-tide ltxvel. For the seven (Lays of May. 1913, 
shown in the table above, the mean high-water values derived in no 
case differ by more than 0.1 foot froni the priiiiary cleterminrition. 
For San  Francisco the primary determination of inean high water is 
1.97 feet above half-tide level. and here the values of iiit’an high 
water froni one day of observations are in every case within 0.4 foot 
or less of the primary value. I n  general. it may be taken that one 
day of observations, after correctim by comparison with :i stntion 
even sevrral hundred miles away, will determine the ,lane of iiiean 
high water with respect to half-title level within h a l l  a foot. 

,4t times i t  becomes necessary to  determine the plane of inean 
high water from one or several days of observations when siniul- 
taneous observations a t  some other station arc not a t  linntl for 
comparison. I n  such cases the predicted tides for the (lays in ques- 
tion at  soiiie suitable station, as given in the tide tables, niay he used 
for cornpalison. It is to be recallctl tha t  the writition from dny to  

50008--”7-7 
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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 Ma 1913, at Sun Francisco and Fort 

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 cornparison, we may rise 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 8.0 feet. And since the range is the distance between low water 
and high water, it  follon~s that the plane of mean high water lies 
4.45 feet above the lane of half-tide level. The data used nnd the 

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 froin owe dau of obawvutiona, Fort Hamilton, N .  Y .  
[Comparison station, Portland (predictions), MIIW -4 45 feet ahove half-tide level] 

Hamilton as used above. To i T' lustrate the various steps involved, 

results derived for $ ort Hamilton are given in tabular form below. 

_I____ _l__l - - -~ - _--I_ - -__ - - _I __ - --__ - 

Half-tlde Highwater ' "ghz:F level on 1 above ha% 
staff tide level 

Dste 

I 
____-I_- - --I - 

Mean hlgh 
water above 

level 

I 
nigh water 1 pactor 
at comparl- , correction hdl-ttde son station 

_I____-- 

Feel 
7.60 
(1.36 
7.88 
8. 70 
a 70 
7.80 
7.80 

Feel 1 Fed 
9. 85 
253 

5. 72 2 13 
6 12 2. 58 

6.08 1 I. 72 
5: ea 1 2.82 

5.90 1 1.90 

' Frd 
3.40 
4.32 
4. 13 
4. 62 
4. Q5 
3. 45 
3.48 

I 
1.31 
I. 03 
1.08 
.96 
.wI 

1.29 
1.28 

Fed 
2 42 
280 

2.54 
sa2 
2 4 3  

2 e1 

a 4 9  

I I I 

The values derived for mean high water at  Fort Hamilton by 
comparison with predictions at Portland apee  well with the values 
derived for the same days by comparison with simdtaneous observa- 
tions at Atlantic City (p. 91). the greatest difference being 0.3 foot 
Comparin these values with the primary determination of mean hi h 

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 
observatiom at Ban Francisco for ever fifth day of May, 1913. The 

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 2.95 feet above haff-tide level. 

water at 8 ort Hamilton, 2.37 feet, it is seen that in no case is t R e 

promdttre is in all respects similar to t z at used in deriving this plane 
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Mean. high water from one C l u ~  nf obscraatioionn, LSan &‘rwtcisco, Ca l i f .  

[Comparison station, San Diego (predictions), MIIW- I.%5 feet above hall-tide love11 

I”rr1 
1.63 
2. 05 
1. 50 

2. 15 
1. 13 
1.50 

2. 15 

Date 

1.20 
,95 

1. 30 

.81 
1. 73 
1. :io 

. a i  

I Ilighwatet 
on staff 

Prrl 
9. 76 

10. no 
10.30 
10.45 
10.75 
10.25 
10. 20 

- 
Half-title 
level on 

staff 
.- __ .- 

K e d  
8. 10 
n. 55 
8. 50 
8.25 
n 55 
n. 70 n. 62 

- -- -- 
High water 
above half- 
tidc level 
._.. .- 

Fer2 
1. 65 
2.05 
1. no 
220 
2.20 
I .  55 
1. <w 

-I_- 

--__ _. - 

vlesn high 
ater above 
half-tide 

lcvel 

Feet 
1. 98 
1.05 
2.34 
2 .00  
2.00 
2. 68 
2. 05 

The values derived for mean high water a t  San Francisro 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 thRt day, namely, 1 . 7 : ~  I n  general, it appears 
that from one day of observations the plane of mean high water, 
with respect to half-tide level, can be dctermined within half a foot 
of its primary ~ u l u e  by comparing with predicted tides at a siiitable 
station. 

EXAMPLES FROM A STATION HAVING A LARGE RANGE OF TIDE 

I n  the examples illustrating the determination of the plane of mean 
high water from observations covering various periods of time, Fort 
Hamilton and San Prancjsco were chosen because of the long series 
of continuous observations a t  these places. It happens, however, 
that the range of the tide ut these places is moderate, averaging 4.7 
feet at  Fort Hamilton and 3.9 feet a t  San Francisco. This is reflected 
in the moderate rise of high water above half-tide level, the rimary 
determination of which was found to be 2.37 feet for Fort  &milton 
and 1.97 feet for San Francisco. The question may therefore arise 
whether a t  places having large ranges of tide, mean high water can 
be determined with as niuch precision us a t  places having nioderate 
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, a t  East- 
port, Me., the range of the tide is sonwwhat inore than 18 feet, but 
the observations are not of siifficient extent to give a primary deter- 
mination of mean high water. A t  Anchorage, Alaska, the tide has a 
very considerable rrtnge, 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 ti& has 
tt 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 
havine a relatively large range of tide. 

Taking first the yearly values of high water, the table below gives 
in the successive colnmns for each year the rcLading of high water on 
staff, the corresponding reading of hrlf-tide level on staff, high water 
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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 hi h water at  Ketchikan, it is seen that the 

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  
past, however, these relatively large differences are due to the fact 
that at  Ketchilran 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. I n  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. 

values derived for the di ff erent months of the three years differ by 

Mean high m t e r  from me month of observations, Ketohkkan, Alaska. 

Mean high 
High wat,er p$$'iF Ffky;? Factor from waterabove I 1 staff 1 tidelevel 1 1 h$2:p Month 

Since the primary value of mean high water a t  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 approximatel within 0.1 

that the value derived for the month of Gptember 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, 
anrl 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 ap roximately within 0.1 foot of a primary value, de- 

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  Ssn 
Francisco and Fort Hamilton. 

be 
derived from a day of observations at Ketchikan, it will be o 9 ad- 
vantage to test both the method of comparison with simultaneous 
observations and the method of comparison with predictions. From 
Table 6 (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 

foot of the primary value. Attention is a 4 n  directe J to the fact 

spite the fact o ! a range of 13 feet and of an annual variation in the 

To illustrate the accuracy with which mean high water ma 
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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- 
tidns for Seldovis have been included in the tide tables issued an- 
11dlp~ in advance. by the Coast and Geodetic Survey. 

The mean range of the tide at Seldovia is 15.4 feet; hence mean 
high water is 7.7 feet above half-tide level. I n  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 ioater from a dau of obercations, Ketchikan, A W k a  

[Comparison station, Beldovia, MHW=7.7 feet above half-tide level] 
- 

I 
Date Uigh water I onstaff 

1911 i Ferl 
September 1 . - ~. . - .. -. -. -. . ~ -.; 16.8 
September 10- -. . . . .. . -. . . . . - '  22.2 
September 20. - -. . - - .. . - . - . i 22.1 
Gepternber 30. -. . . -. . . - .. . . .. 16. 9 

1926 
Rbptember 1. - _ _ _  - - .-. . ~. . - _ _  .' 22. 9 
Septemkr 10. - _ _  -. . . . . . . . -. .i in. o 
September 20. - - - . . . ~ . - ~ . . - - . _ j  21.8 
September30 _.____._._____.._ I 22.6 

Ihlf-tide 
level on 

staff 
_ _  

Fed 
13.7 
13.6 
14.3 
14.0 

14.0 
14.2 
13. 6 
13.7 

= 

4igh water 
lbove half- 
tide level 

Ferl 
3.1  

7.8 
2. 9 

n. 6 

n. 9 
3. n 
8.8 
8.2 

_I__ 

fighwater 
t camp&- 
on Qtation 

.~ __-. 

Feet 
3.1 

, 10.6 
9.6 
2.9 

10.7 
4 .0  
9. 9 
10.6 

Factor lor 
wrrection 

2.48 
.73 
.80 

2.86 

.72  
1.82 
.78 
. c3  

Mean hIgh 
ster above 
half-tide level 

Feel 

-..I_ 

7.7 

6.2 
7.7 

6.4 
7.3 
a4 
e. 4 

6. a 

Tlie primary value of mean high water at Ketchiltan is, to the 
nearest tenth of a foot, 6.5 feet above half-title level. 
with this primary value the values of mean high water from eac 
of the eight days of observations above, i t  is seen that of these cight 
determinations five differ by lesvl than 0.5 foot from the primarv 
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 it value consitlerably greater than 1; that is, 
on days when the rise of high water was much less than the averdge. 

Comparinf 

SUMMARY 

I n  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, EO that in a sense the variation due to 
changes in sea level j s  the primary variatjon. 

It was found, too, that the rise of Iigh 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. But  in this compari.son type 
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of tide, and not nearness, determined suitability. I n  this regard 
the correction of high water to &.-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. Furthermore, 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- 
s ect to half-tide level which is itself subject to variations. Hence 

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 

t R e accuracy with which the plane of mean high water can be de- 

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 a t  
the times of full and new moon, but it also falls lower, while a t  the 
times of the moon’s first and third quarters the less-than-average 
rise of high watm is accom anied by a fall in low water also less 

the rise, is greater than usual, while at the time of the moon’s apogee 
the rise and ako 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 faI1, and 
when the declination of the moon is small-that is, when the moon 
is near the Equator-the difference between the two low waters is 
least. 

For the sake of clearness it will be of advantage to distinguish 
between “height of low water” and “fal l  .of low water.” The 
former term will be used when it is the height of low water as 

than average. Similarly, w I! en the moon is in perigee the fall, like 
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of tide, and not nearness, determined suitability. I n  this regard 
the correction of high water to &.-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. Furthermore, 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- 
s ect to half-tide level which is itself subject to variations. Hence 

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 

t R e accuracy with which the plane of mean high water can be de- 

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 a t  
the times of full and new moon, but it also falls lower, while a t  the 
times of the moon’s first and third quarters the less-than-average 
rise of high watm is accom anied by a fall in low water also less 

the rise, is greater than usual, while at the time of the moon’s apogee 
the rise and ako 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 faI1, and 
when the declination of the moon is small-that is, when the moon 
is near the Equator-the difference between the two low waters is 
least. 

For the sake of clearness it will be of advantage to distinguish 
between “height of low water” and “fal l  .of low water.” The 
former term will be used when it is the height of low water as 

than average. Similarly, w I! en the moon is in perigee the fall, like 
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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. 

I n  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 lst, 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 difhrent periods. 
The phase cycle has a period of 29y2 days, while that of the moon’s 
parallax or distance is 27% days, and that of the moon’s declination 
is 27% 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 
astronoinic 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 
To deter- waters at  that place over a considerable period of time. 
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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 detail the variations to which low water is subject. 

Prom 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 
in Figure 45. In  part, such variations are due to peri IC changes 
in the osition of the moon with regard to earth and sun. But since 

in part, too, the variations in low water from da to day are due 

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. 

the ti (P e is an oscillation above and below sea level, it follows that 

to changes in sea level. The relation of daily P ow water to sea 
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FIG.  4B.--Relation of daily low water to sea level, Atlantic City, February 1-26 

For the purpose of exhibiting the relationship between low water 
and sea level it will be sufficient to take the avera e height of the 
two low waters of each day, and this was done in %@re 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 lance at Figure 46 is sufficient to show that, notwithstanding 

changes in the osition of the moon, there is a variation also that 
corres onds to t R e daily variation of sea level. To the nearest tenth 

below sea level. For the month shown in Figure 46 the fall of 

the c a anges in the height of low water from day to day due to 

of a P oot the average fall of low water at Atlantic City is '2 feet 
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daily low water varied from less than 11/2 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 mo-on was one day past her first quar- 
ter and only two da s before apogee; hence a much reduced fall 

time the moon was only two days past perigee; hence a much in- 
creased fall of low water. 

of low water. On t z e 23d new moon occurred, and at the same 

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- 
mate1 291/2, 271/2, and 27% days, respectively. Within a month, 
there P ore, 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.” I n  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. I n  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 rariation 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- 
g w s  the like variations in sea level a t  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 year1 heights of 
high water, may also be taken to represent the correspon in chan es 
in the yearly heights of low water at the same stations! &enerafiy, 
consecutive. yearly heights of low water a t  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 ears, however, yearly values of low water may differ by as much 

turbing effec,ts due to large fluctuations in river discharge. 
A comparison of yearly values of low water &t any place with 

the corresponding values of sea level shows that yearly low wnter 
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. I n  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. 

as B alf a foot, even a t  stations on the open coast free from the dis- 
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FIG. 47.-Annual vnrintinn in low water 

The horizontal lines wsociated with the diagrams represent for 
each of the stations the average distance of lorn water below sea level 
derived from the whole series of observations at that station, this dis- 
tance in feet being given by the figures a t  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 level, it will be noted that the two sets of curves are 
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complementary. I n  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 considerations 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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- 
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Fro. 48.-Yearly low water below sea level 

unci semidaily constituents of the title. 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 natul'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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Nine-year group 

- _ _ ~  

1893-1901. _._..__.... 

1911-1919 ..._.__._.._ 
1w24910. ___._....._ 

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 lorn wateI 
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 a t  hand. For New York Harbor Table 5 gives a ratio of 
K,+O, 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. 

Meail low touter from nine year8 of obacrcutiuna 

I Fort Hamilton, N. Y. 1 San Francisco, Calif. 

__ ._ - --______ . _ _  - _ _ _ _  ~ -- ~- -~ -_ __ - - -- 

___ - - - .__~  

Low Factor Mean low/ Nine-year group w2;;h- Mean low 
water be- from water be- water-be- from $2 Table 6 ifb", k$$. low half- low half- 
tidelevel ' tidelevel 
____ ______ -.-___ --___- - ____ 

Fed ' Feet Fed Feet 
2.29 2.32 1898.1807 ______.__._ 1.98 0.989 1.98 

2.35 irn~igi6 __.__._____ 1.95 1.011 1. Q7 
2.34 2.38 1917-1825 __.__._____ 1.99 ,880 1.97 
2.38 

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 
half-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 br 0.02 foot of the 19-year values a t  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 pf 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. 

I n  assing it may be noted that a t  Fort Hamilton the two 19-year 

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. I n  this connection 

perio ti s, 1893-1911 and 1904-1922, give values for mean low water 
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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 jn two different ways. The results from the tabulations may 
be corrected either by Table 6 or by comparisons with the results of 
simultaneoiis 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 Hnmil- 
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 simiiltaneous observations at some near-by station. As E efore, the ratios of K , + 0 ,  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. I n  themdves these 
heights are in a sense arbitrary, for they depend on the height a t  
which the zero of the tide staff is set. But the € d l  of low mater 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. 

Mean luzo water front one year of obserwltiona 

__. 

Low water Factor 
below half- from 
tide level Table 6 

Year 

- I- 1- 

- 
Mean low 
water be- 
low half- 
tide level 

Feet 
2.36 
2.38 
2.38 

Mean low 
below half- water be- 

Feet 
1. MI 

1.88 1. BB 
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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 a t  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. I n  choosing the station for comparison it is to be 
noted that type of tide should be similar, which means that the ratio 
of K,+O, to M, should be approximately equal. Other things being 
equal, it is obvious1 of advantage to choose a near-by station. For 

fact that good results can be derived by comparison with a suitable 
station man miles distant, Fernandina, Fla., will be taken. For San 
Francisco, J a n  Diego, Calif., will be suitable, as a glance at Table 
5 shows an approximately equal ratio of K,+O, to w. 

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 a t  Fernandina for the 
19-year period 1905-1923 gives i t  as 3.00 feet below half-tide level. 
For the year 1913 low water a t  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 3.00t2.94 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 multi lied by the factor 1.020. 

Hamilton and San Francisco are shown below in tabular form. 
For Ssn Diego a primary determination of mean low water below 
half-tide level is 1.96 feet. I n  the table mean low water a t  the com- 
parison station is given in abbreviated form as MLW. 

Mcan low water from one ?/car of obacrrntiona 

Fort Hamilton, At  if antic City would be best; but to bring out the 

The data used and results derived P or the three years at both Fort  

Year 

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. 

I n  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 proredure and accuriicy attainable are precisely 
the same as in the corrcsponding determinations of mean high water. 
I n  fact, since mean low water is exactly the swie dlstance Iwlow 
half-tide level 8s 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 cletermina- 
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 wtiter. For deriv- 
ing the plane of mean low water from N. nionth 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 wakr  falls varies considerabl from day to day and 

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 b the change in longitude of the moon’s node, the 
variations due to changes in the position of the moon btllunce orit 
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 a t  
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. I n  thls 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 a t  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, i t  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 mater 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 fa11 of low water, 
a day of observations, especially when the factor for correction 

from month to month and, in lesser degree, P rom year to year. This 

50005-27-S 
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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 xiiean 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 t w o  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 froni the interaction of the semidaily and d:iily constituents, is 
therefore characterized by differences as between morning and after- 
noon tides, or, more precisely, by diurnal inequality. I n  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 desi-qated as the lower low water and 
the higher as the higher low water. The plane of lower low water 
a t  any point is the average height of all the lower low waters a t  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 
coniing after midnight of that day and therefore on the next day. 
I n  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. if the 
immediately preceding low water was the lower low water for the 
day, then the single low water in uestion will be designated as a 

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 a t  23.8 hours on the 9th, was II higher low 
water; hence the single low water of the 10th would be designated 
as a lower low water. 

one low water map occur 
during a day because the tide becomes c h r n a l ;  that is. of the daily 
type, in which but one high water and one low water owur during a 
day. Where the daily constituent is more than twice t is  large as 
the semidaily constituent, the tide tends to become of the daily type. 
I n  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 

higher low water, and vice versa. % hus, as shown in the colunin of 

At  a number of places, however, on1 
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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 
due 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 
duys, 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 suoces4ve 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 a t  any point brings 
out the fact that the vtwiation from day to day is partly of ti periodic 
nature, dae 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 throu h a fortnightly cycle, 

and highest about the tiine when the moon is on the Equator. The 
effects of the p J ~ s e  ant1 parallax cycles of the moon are also reflected 
in lower low wttter. hut the declinational effect is the rincipal one. 

is known as diurnal inequality, tirises from the esistence of daily and 
semidaily constituents in the tide. The greater the drtil constituent 

Hence Table 5, which gives the ratios of the diurnal to the semi- 
diurnal constituents at t i  number of stations on the coasts of the 
United States, gives also a iiieasure o f  the inequality a t  those stations. 

It is to be noted, however, that the diurnal inequality in the tides 
may be of three kinds, It may esist 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- 
stitnents. I t  happens that on the Atlantic coast the inequality is 
principally in the high waters. This, in conjunction with the small 
ratios of the tliiirnul to the semiilinmal 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 exam Ies given in connection 

diurnal inequality in the low waters is considerable and where the 
datum of lower low water is of practical importance. 

being lowest ahont the time of maximum nort E or south declination 

The difference in the iiiorning and afternoon tides o P a day, which 

in relation to  the seinidailp. the greater the diurna 9 inequality. 

with lower low water will be confined to the P, acific coast, where the 

MONTHLY LOWER LOW WATER 

The declinational cycle of the moon has a period of 274/s day? 
Hence in a period of abont a month lower low water should approxi- 
mate to a mean ~ d i i e ,  and the variations from month to month should 
be very much less than from day to day. I n  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 mater 
may vary by as much as half a foot at  San Diego and at  San Pran- 
cisco and by as much as a foot a t  Seattle. Within a year two 
monthly values of lower low water may differ by as much as 1% feet. 

1.923 / 9 C 9  
Ian A p r  Ju/y Oct  Ju& A p r  July  Ocf Dec 
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FIQ. 49.--Monthly heights of lower low water 

I n  part, these variations are obviously to be ascribed to variations .in 
sea level. 

I n  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. I n  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. I n  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. 

point resembles 
that in sea level, i t  a pears from a comparison of gigures 30 and 31 
that while the annua I p  variation in low water a t  San Diego is similar 
to that at  San Francisco i t  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, 

Since the annual variation in low water at an 
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Fro. 50.-Annual variation in lower low water 

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

I t  is obvious that changes in sea level will be reflected by corre- 
sponding changes in lower low watm. But from Figure 50 i t  is 
evident that, as regards monthly heights of lower low water, the 
response to changes in sea level is mnskecl 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. 

/ 9 d O  1905 /9/0 1915 /91u /sa5 

P 
~~~ ~ ~- 

FIQ. Sl.-Yearly lawcr low water 

YEARLY LOWER LOW WATER 

The annual variation balances out within ti year, and therefore 
yearly values of lower low water may be expected to show niucb 
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 nest 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 lorn 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. 
,4 comparison of the curves in Figure 51 with tho corresponding 

curves of year1 sea level in Figure 34 shows some resemblance be- 
tween them, in dv icating that in part the variation in yearly lower low 

- 

- 

- 
- 

- 

- 

/so0 /sob /. 

rrancisco, 

Fro. 6?.--V&rfatfon of yearly lower 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 yeai-ly lower low water, the 
variation due to change in sea level is eliminated by subtracting each 
early height of lower low water from the corres onding yearly 

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 
Ievel, the figures to the right giving this fall in feet. The curves 
indicate, despite small irregularities, a regular variation with a 

{eights of sea level. Figure 52 shows the result for t R e three Pacific 
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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. I n  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 on1 between higher low water 

general the term “ low water ” embraces both higher low water and 
lower low water; but, when used in contradistinction to lower low 
water, i t  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 a t  any place is determined, the plane of lower low water 
becomes determined as soon as the mean value of the cliurqal inequal- 
ity is derived. 

The heights of low water and lower low water vary in accortlance 
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 leyel. This means that only the 
annual variation and ths 19-year variation need be consitlered with 
regard to the diurnal inequality. These are of the same nature as 
the corresponding variations in lower low water, wliicli were foiind 
to be due to changes in the relative positions of earth, moon, and 
sun. Factors for correcting monthly and yearly values of the di- 
iirnal 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 Tttbles 6 
and 14 of Harris’s Manual of Tides, Par t  111. 

TABLE 7.--Pactors f o r  correcting diurnal inrqualitu to nieuiz. vulue 

and lower low water, but a1.o between t h‘ e latter and low water. I n  

Apr. 

1.04 
1.01 
0. 98 
0.97 
0.97 
0.98 
1.00 
1.04 
1. OD 
1.15 

~ __ 
Feb. May 

0.87 
0.85 
0.83 
0.82 
0.82 
0. 83 
0.86 
0.88 
0.91 
0.96 

- 
0.97 
0.94 
0. 92 
0.91 
0.91 
0.92 
0.93 
0.96 
1.01 
1.06 

1.04 
1.04 
1. M 
1.09 
1. 14 
1.20 
1.29 

- - 
Mar. 
- 
1. 12 
1.07 
1.04 
1. 03 
1.03 
1.04 
1.07 
1.11 
1.16 
1.23 

0.96 
0.97 
0.98 
1.01 
1.08 
1. 11 
1.18 

-. - 
June 

0. 80 
0. 78 
0. 76 
0. 76 
0.78 
0.77 
0.78 
0.80 
0. a? 
0.87 

__ __ 
July 

0. 82 
0. 80 
0.79 
0. 78 
0.78 
0.79 
0.81 
0.83 
0.87 
0.91 

- - 
Aug. 

0.95 
0.93 
0.91 
0.91 
0.81 
0.92 
0.95 
0. 9x 
1.03 
1.08 

. -_ 

I_ - 
Nov. 
- 
0.86 
0.83 
0.82 
0. x2 
0.82 
0. E3 

0.89 
0.93 
0.97 

0. an 

- - 
Dee. 

0.78 
0. 77 
0.76 
0.78 
0.70 
0.71 
0.79 
0.82 
0.86 
0.89 

0.928 
0.802 
0.884 
0.879 
0.880 
0.880 
0.912 
0.946 
0.988 
1.040 
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TABLE 7.-Faotorcr for carrmting diurnal itbequality to mean vdue-Continued 

1911 __.___________---_ 
1912..-. . 
1913 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _  
1914 _ _ _ _ _ _  _ _ _ _  __. _ _ _  _ _  
1915. _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
1916 ...-.. - ~ - _ _  _ _  
1917 _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _  
1918 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1919 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -  

~ - - - - - - - ~ - - -  

igm.-.. _ _ _ _ _ _ _ _ _  ~ _ _ _ _  

Year I Jan. 

0.80 
0.79 
0.79 
0.79 
0.79 
0.81 
0. 84 
0.87 
0. 91 
0.95 

I-- ~ _ _ _ _ . .  

1937 ......____.____--- I 0.88 

1942 _ _ _ _ _ - _ _ - _ _ _ _ _ _ _ _ _ I  1.01 
1943 .-... _ _ _ _ _ _ _ _ _ _ _ _ _  0 98 
1944 ... _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ '  6 9 5  
1945 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0.90 
1948 _ _ _ _ _  _ _ _  _ _ _  _-__. _ _  0.87 
1947 ____________._.___ 0.83 

___ __ 
Feb. 

1. 11 
1.18 
1. 21 
1. 23 
1.21 
1. 17 
1.11 
1. 06 
1.00 
0.96 

0.93 
0.92 
0.90 
0. 90 
0.92 
0.95 
0.97 
1.02 
1.07 
1.14 

1.18 
1.22 
1.22 
1.20 
1. 14 
1.08 
1.03 
0.99 
0.95 
0.92 

0.91 
0.91 
0.91 
0.92 
0.95 
1. 00 
1.04 
1.08 
1. 15 
1.21 

1.22 
1.21 
1. 18 
1.13 
1. OB 
1.01 
0.97 
0.94 
0.91 
0. 90 

- - 
Mar. 
- 
1.31 
1.39 
1.45 
1.40 
1.44 
1.38 
1.30 
1.22 
1.15 
1.10 

1. 06 
1.04 
1.03 
1.03 
1.05 
1.08 
1. 12 
1. 19 
1. 28 
1.35 

1.42 
1.48 
1.48 
1.42 
1.35 
1.20 
1.19 
1.12 
1.08 
1.05 

1.03 
1.03 
1.04 
1. 06 
1.10 
1. 15 
1.22 
1.30 
1.38 
1.44 

1.48 
1.45 
1.39 
1. 31 
1.23 
1.18 
1. 11 
1.07 
1.04 
1.03 

- 
Apr. 

1. 22 
1.29 
1.34 
1.34 
1.32 
1.28 

1. 13 
1.07 
1.02 

0.99 
0.98 
0.97 
0.97 
0.99 
1.02 
1.06 
1.11 
1. 18 
1.25 

1.31 
1.34 
1.34 
1.30 
1. 24 
1. 17 
1.10 
1.05 
1.01 
0.99 

0.97 
0.97 
0.98 
1.00 
1.03 
1.08 
1. 14 
1.21 
1. 28 
1. 33 

1.34 
1.33 
1.28 
1.21 
1. 14 
1.08 
1.03 
1. 00 
0.98 
0.97 

- 

1. m 

~ 

~ 

May 

1.00 
1.04 
1.07 
1:07 
1. 06 
1.02 
0.98 
0.93 
0.89 
0.80 

0.84 
0.83 
0.82 
0.83 
0.84 
0.88 
0.89 
0.93 
0.97 
1.02 

1. 06 
1.08 
1.08 
1.05 
1.00 
0.98 
0. 91 
0. 88 
0.85 
0.83 

0.82 
0.82 
0.83 
0.84 
0.87 
0.90 
0.94 
0.99 
1.04 
1.07 

1.07 
1.07 
1.03 
0.99 
0.94 
0.90 
0.87 
0.84 
0.83 
0.82 

~ 

~- 

_- - 
lune 
_- 
0.91 
0.94 
0.96 
0.90 
0.95 
0.92 
0.88 
0.84 
0.81 
0.79 

0.77 
0.76 
0.76 
0. 70 
0. 77 
0.79 
0.82 

0.89 
0.92 

0.95 
0. 98 
0.96 
0.94 
0.90 
0.87 
0.83 
0.80 
0.78 
0.78 

0. 78 
0.70 
0.78 
0.78 
0.80 
0.83 
0. 80 
0.90 
0.94 
0.98 

0.96 
0.96 
0.93 
0. 89 
0.86 
a82 
0.79 
0. 77 
0.78 
0.78 

0.85 

. ...- 

.- - 
July 

0.95 
0.98 
1.00 
1.00 
0.99 
0. 95 
0. 91 
0.87 
0.84 
0.81 

0.79 
0.78 
0.78 
0.79 
0.80 
0.82 
0. 85 
0.88 
0.92 
0.96 

0.99 
1.00 
1.00 
0.98 
0.94 
0.89 
0.80 
0.83 
0.80 
0.79 

0.78 
0.78 
0.79 
0.80 
0.83 
0.88 
0.90 
0.94 
0.98 
1.00 

1.00 
0.08 
0.96 
0.92 
0.88 
0.84 
0.82 
0.80 
0.78 
0.78 

__ - 
Aug 
- 
1. 14 
1. 19 
1. 22 
1.22 
1.19 
1. 14 
1.08 
1.02 
0.98 
0.94 

0.92 
0.91 
0.91 
0.91 
0.93 
0.90 
1.00 
1.06 
1.10 
1.16 

1.21 
1.22 
1.20 
1.17 
1.11 
1.08 
1. 00 
0.90 
0.93 
0.91 

0.91 
0.91 
0.92 
0.94 
0.97 
1.01 
1.07 
1.13 
1. I8 
1.22 

1. 2l 
1.m 
1. 15 
1.09 
1. 04 
0.99 
0.95 
0.93 
0. 91 
0.91 
_. ~ 

- - 
3ept 
_.__ 

1.38 
1.43 
1.47 
1.47 
1.42 
1.34 
1.20 
1. 19 
1.13 
1.08 

1.05 
1.04 
1.04 
1.04 
1.07 
1. 11 
1.16 
1.23 
1.31 
1.39 

1.4R 
1.47 
1.48 
1.39 
1. 31 
1.23 
1.16 
1.11 
1.07 
1.04 

1.04 
1.04 
1.05 
1.08 
1. 13 
1.19 
1.28 
1.34 
1.42 
1.47 

1.47 
1.43 
1.36 
1.29 
1.20 
1. 14 
1.09 
1.06 
1.04 
1.04 
__ 

__ - 
Oct. 

1.26 
1.30 
1.33 
1.33 
1.28 
1. 22 
1. 15 
1.08 
1.04 
1.00 

0.98 
0.90 
0.96 
0.97 
0.99 
1.03 
1.08 
1. 14 
1.20 
1. 27 

1.32 
1.33 
1.31 
1.20 
1.19 
1.13 
1.07 
1.02 
0.99 
0.97 

0.96 
0.96 
0.98 
1.01 
1.05 
1.10 
1.18 
1.23 
1.29 
1.33 

1.33 
S. 30 
1. 24 
1.17 
1. 10 
1.05 
1.01 
0.98 
0.96 
0.96 

__ 

-. . 

- 
Nov 
- 
1.02 
1.06 
1.07 
1.07 
1.04 
0.99 
0.95 
0.80 
0.87 
0. 84 

0.83 
0.82 
0.82 
0.83 
0.84 
0.87 
0. 80 
0.94 
0. 99 
1.03 

1.07 
1.07 
1.00 
1.02 
0.98 
0.93 
0.89 
0.88 
0.84 
0.82 

0.82 
0.82 
0.83 
0.85 
0.88 
0.92 
0.96 
1.01 
1.05 
1.07 

1.07 
1.04 
1. 00 
0.90 
0.91 
0. SB 
0.85 
0.83 
0. 82 
0.82 
- 

Table 7 were commtec 

_ _  

Doc. 
__ 
0.92 
0.95 
0.86 
0.96 
0.93 
0.80 
0. 80 
0.82 
0.80 
0. 78 

0.76 
0.78 
0. 70 
0.76 

0.80 
0. 83 
0.86 
0.90 
0.94 

0.96 
0.96 
0.95 
0.92 
0.88 
0.85 
0.81 
0.79 
0.77 
0.78 

0.70 
0.70 
0.77 
0.78 
0.81 
0.84 
0.88 
0.92 
0.95 
0.96 

0.90 
0.94 
0.91 
0.87 
0.83 
0.80 
0.78 
0.78 
0.76 
0.76 

a 78 

- 

for 

- - 
fiean 
-. 
1.093 
1.142 
1.174 
1.177 
1.163 
1.106 
1.052 
0.998 
0.953 
0.918 

0.893 

0.878 
0.882 
0.898 
0.925 
0. BBO 
1. MH) 
1.058 
1.116 

1.160 
1.177 
1.171 
1.138 
1.084 
1.029 
0.978 
0.938 
0.908 
0.887 

0.879 
0.879 
0.888 
0.906 
0.937 
0.978 
1.026 
1.082 
1.130 
1.172 

1.176 
1.181 
1.118 
1.086 
1.007 
0.962 
0.925 
0.899 
0.882 
0.878 

0. 883 

- 

the The factors for each month in 
middle of the month. I n  the last column the mean of the mor ,hly 
factors for each year is given, and this may be taken as the factor for 
correcting the yearly inequality to a mean value. 

PRIMARY DETERMINATION 

The variations to which lower low water is subject make it evident 
that a direct primary determination of the plane of lower low water 
requires 19 years of observations; that is, if the heights of lower low 
water over a period of 19 years are averaged, this average height 
will give a primary determination of lower low water. But, as in 
the case of the planes of mean high water and mean low water, lower 
low water observations covering a period of nine years, when cor- 
rected to a mean value, may be taken to constitute a primary deter- 
mination of the plane of lower low water. 
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It should be noted, however, that in connection with lower low 
water it is the diurnal low-water inequalit that is reduced to  a 

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 grou s of nine years each is given 
below. It will be convenient to use a 6 breviations for a number of 
terms, as follows: LW=low water, HTL=half-tide level, LLW= 
lower low water, DLQ- diurnal low-water inequality, MLW = mean 
low water, MLLW =mean lower low water. 

ikfcan lower loiu wa ter  from nine years of obecrvatiows, Sail Francisco, Cal i f .  

mean value, and this, applied to the plane o P mean low water, gives 

Feet 
1.15 ’ 0.989 

1.097 3.11 

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 coliimns 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 th? data for Seattle, 
shows that two nine-year values of lower low water ma differ by 
0.4 foot, while for San Francisco the corresponding di 2 erence was 
only 0.2 foot. The data used in deriving the value of mean lower 



TIDAL DATUM PLANES 117 

low water from three nine-year groups, and the mean values derived, 
are given below, the abbreviations being the same as used for Sttn 
Francisco in the preceding example. 

Mean loeuei- low water from nine gear8 of Ob8etWatiOn8, Seattle, Wash.  

F8otor Factor MLW MLLW 

Table 7 Table6 IITL KITL 
1 DLQ 1 from 1 I from 1 b l o w  I below 

I --- I 

The observations a t  Seattle begin in 1899, permitting two over- 
iapping 19-year series, namely, 1899-1917 and 1907-1925. The first 
of these 19-year series gives lower low water as 6.65 feet Iwlow half- 
tide level, and the second series gives it as 6.64 feet. The rallies 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. I t  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 wns  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 valne. 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 
valiie of the dinrnnl low-witer inequality can be determined very 
closely from nine years of observations. That this is true is ol)rions 
from a comparison of the mean values of the diurnal ineqnality 
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 3'rancisc.o and 2.83 feet for Seattle. It is seen that, after 
correction by Table 7, the valiie of the mean diurnal inequality from 
nine years of observations is correct within 0.01 foot. 

I n  connection with the example for Seattle attention may also be 
directed to the nest to the last colnmn, which gives the valiie of mean 
lorn 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 ag.ree with the primary value within 0.01 
foot. Seattle therefore fiirnishes another example of the precision 
with which memi low 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 diurnaI inequality and of low water are derived. 
The deriration of mean low water was discussed in Section IX. I t  
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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 obserrations varying in length from less 
than a month to a year or more. The result from the tabulation of 
the high and low waters mag 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 a t  
hand. The procedure and the accurac attainable will be exemplified 

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. I n  the table following the abbre- 
viations are the same as used with the two preceding examples. 

below for observations covering perio B s of various lengths. 

Mean lower low water from o w  g t a r  of obaervationa, Beattle, Wash. 

Factor 
from 

Table 6 

1.017 
,997 
.983 

I 

MLW MLLW 
below below 
HTL IITL 

Feet Feet 
3.80 ~ 6.62 
3.83 6.66 
3. 83 6.64 

The primary value of mean lower low water a t  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 
foot of 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 ma,y take the same three years a t  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 a t  Seattle is derived by comparison 
with San Francisco, as explained in Section IX;  then the diurnal 
low-water inequality a t  Seattle is reduced to a mean value b com- 
parison with San Francisco; finally, mean lower low water is d erived 
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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Year 

_______ 
1913 .__.-..-..__... 
1918 ._.-.-.-...-- 
I922 __..-..-..... 
- 

Nean lower low water from one qjear of obaeruationa, Seattle, Wash. 
[Comparison station, San Franrisco, MLW-1.97 feet. MDLQ-1.14 feet) 

-.-______. I - --- ___-_ __ 

HTL DLQ IiTL 

Feet Feet Fed 
-- 

LW LW 

HTL HTL 
below DLQ below DLQ LW DLQ zkz %?:kw 

_ _ _ ~  
Feet Feet Feet Feet 

1.96 1.33 1.83 1.06 1 1.016 0.876 1.99 1.17 3. I6 
1.97 1 1 0  1.96 .89 1.ooO 1.034 1.97 1.14 3.11 
1 9 9  .96 1.97 . 7 8 ,  ,695 1.179 1.98 1.13 511 

~ - _ _  

' Feet 
1913 .__.___ 1 3.74 
1918 .--...- 3.84 
1922 . _ . _ _ _ _ I  3.90 

(.___ \ I- 
Feel 1 Feet Feet ~ 

3.21 1.961 1 . 3 3 ;  l.CO51 0.867 
2.80 1 97 1.10 I 1.oM) 1.036 
2.39 1 1:QQ 1 .96 I .WO 1.188 

-__- __ ~- . 

Seattle, Wash. 

___(___/__.. 

The primary values of mean low water and mean diurnal low- 
water inequality for San Francisco are given in the brackets a t  the 
top of the table. I n  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 a t  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 a t  Seattle in the tenth column. 

I n  the previous example mean lower low water a t  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 ns much as 0.13. foot. I n  part, however, this is due to  
the very considerable distance between the two stations. A station 
nearer Seattle would undoubtedly give better results than San Fran- 
cisco, but the re uisite data for such a station for the years in ques- 

obtained from a comparison with x near-by station we ma derive 
mean lower low water at San Francisco by comparison wit 9 1 simul- 
taneous observations at Stln Diego, aboiit 300 miles nearer to San 
Francisco than is Seattle. 

Mean lower low water from one vear of ohscrvafions, Saw Francisco, Cal i f .  
[Comp~rison station, San Diego, M14W-1 96 feet, MDLQ-0.92 feet] 

tion are not at x and. To determine whether better results can be 

~ _ _ _ _ _ ~  - _ _  __ _____ __ _____.___ I sari ,,?? I Sari Diego, Calif. ~~~~~~~i~ 1 San Francisco, Calif. 1 

The primary value of mean lower low mater a t  San Francisco is 
3.11 feet below half-tide level. The vulues derived above by compari- 
son with San Diego thus differ from the primary value by 0.05, 0.00, 
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J a n _ _ . 3 . 8 3  
,Mar-- 
Mny.. 
July-- 

Nov-- 
Sept.. 

and 0.00 foot, respectively. We may therefore conclude that b com- 
parison with simultaneo’us observations at  a suitable, not too $stant, 
station one year of observations will give the datum of lower low 
water correct to within 0.1 foot. 

.Nonth.--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 
lor every other month of the years 1913 and 19‘22. The table follow- 
ing gives the data used and results derived for Seattle by the use of 
the factors of Tables 6 and 7. 

.Ilea% lower low wakr  front one month of observations, Seattle, Wash. 

-__.--.-I_-__--- 

Fed Feel Feet Feet Feet 
3.79 1.017 0.70 3.90 2.99 6.89 

3.76 2.84 1.017 1.03 3.82 2.93 6.75 
3.74 3.07 1.017 .82 3.80 2.52 6.32 
3. 72 3.50 1.017 .7H 3.78 2.73 6.51 

3.72 3.45 1.017 .82 3.78 2.83 6.61 
3.79 2.56 1.017 1.04 3.85 2.66 R. 51 

Feel 
3.89 
3.84 
3.88 
3.97 
3.93 
3.91 

1922 

Feet 
3 . 0  0.983 1. 01 
1.76 .983 1.46 
2.42 ,933 1.08 
2.64 ,983 1 . 0  
1.96 . 9 I  1.47 
2.52 .983 1.07 

Feet 
3. 82 
3.77 
3.81 
3.90 
3.86 
3.84 

Feet 
3.63 
2.57 
2.81 
2. 64 
2.87 
2. 70 

Fctt 
6.85 
6.34 
6.42 
6. 64 
6.73 
6.64 

D L Q  

Fed 
1.37 
1.16 
1.33 
1.54 
1.04 
1.48 

h glance down the columns of the derived values of mean lower 
low water cliscloses 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 111). now, the determination of mecon 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 : 

Mcrcn 1 . o ~ ~ ; ~  lolo zwter f r~n i  om month of obaefvaths,  Neattle, Waeh. 
[Comparison station, Ban Francisco, hi LW=l.97 feet, MDLQ-1.14 feet] 

LW 

_ _  

0.980 
1.m 
1.025 
1.025 
,990 
.880 

-- - _.__ 

1 Seattle, Wash. 

0.83 
.Q8 
.86 
$74 

1.10 
.77 

1.08 
1.73 
1.09 
1.08 
1.41 
1.03 

lI(1R 1 Feet Feel 
3.75 
3.76 
3.83 
6.81 
3.75 
3.88 

3.81 
3.86 

’ 3.92 
3.89 
3.81 
3.81 

.... 
Janunry ................. 1 -3% 
March ................... 3.76 

July ..................... I 3.72 
May..-.. ........ -..J 3.74 

1.05 
.68 

1.05 
1.08 
.81 

1.11 

September .............. _ ’  3.79 
November.. ............ .I 3.72 

,980 
1.005 
1.010 
.980 
,970 
.975 

~ 1922 
Jnnuary. .............. -.! 
March ................... I 
Mas. ................... ~ 

July--. ............... 
Beptemtmr ............... 
Piovember.. ............. 

3.89 
3.84 
3.88 
3.97 
3.98 
3.91 

DLQ 

__ 
Feet 
3. 79 
2. 84 
3.07 
3.60 
2.56 
3.45 

d. 00 
1.76 
2.42 
2.64 
1.95 
2.52 

_- __- - - __ ~ - _ _  _ _  

Snn Francisco, Factors lor Seattle, Wash. Calif. correction 

LW 
below 
IITL 
.~ 

Feel 
2.01 
1. 97 
1.92 
1. Q2 
1.99 
1. 89 

2.01 

1.85 
2.01 
2.03 
2.02 

1. m 

--I- I- -- 

__I . 

M D L Q  

Feet 
3.15 
2.78 
2.64 

2.82 
2. 66 

3.27 
3.04 

2.70 
2.76 
2. Bo 

2. ns 

a. 64 

-__ 

M L L W  
below 
HTL 

Feet 
6. Bo 
6.64 
6.47 

6.37 
6.34 

7.0% 
6. BO 
6.66 
8.08 
6.86 
8.41 

e. (o 
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Feet 
2.02 
1.96 
1.96 
2.01 
1.96 
2.04 

2.00 
1.95 
1.95 
1.98 
2.00 
2.04 

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 arlse very largely from inaccuracies 
in the deterniination 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. I n  the 
derivation of mean low water from one year of observations it mas 
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. I t  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. BY in the previous example, every other month of the 
years 1913 and 1922 will be taken, San Diego being used as the 
comparison stat ion. 

Mean l 0 Z c . e ~  2vir tcitter from o w  wmth  of obscri~~tioms, b'ulz E'r*a?iclaco. Cal i f .  

[Comparison station, Sen Diego, MLW=l.BA feet, M D L Q d . 9 2  foot] 

Feet 
1.15 
1.16 
1. 17 
1. 16 
1.19 
1. 17 

1.10 
1. 12 
1.12 
1.08 
1.17 
1.19 

Month 

1913 

San Francisco, 
b l i f .  

__ 
LW 

below 
H T L  

Feel 
2.01 
1.97 
1.92 
1.92 
1.99 
1.99 

1922 
January ________.___ _ _  2.01 
March .___ ~ _ _ _  - - . . 1.96 
May. - - ______. . -. . - . . 1.95 
July _ _ _ _ _ _ - _ _ _ _ _  ~ _.___.__ 1 2.61 
September _ _ _ _  __. . - - ___. 2.03 
November. ______..______ 2.02 

Feet 
1.37 
1. 16 
1.33 
1.54 
1.04 
1.4a 

1.05 
.88 
1.05 
1.08 
.81 
1.11 
I_ 

8an Diego, 
Calif. 

LW 
below 
I1TL 

Feet 
1.95 
1.97 
1.92 
1.87 
1.99 
1.91 

1.97 
1.97 
1.96 
1.98 
1.99 
1.94 

--- 

DLQ 

Feet 
1. OB 
.92 
I. OS 
1. n 
.81 
1. 17 

.88 . .54 

.a5 

.92 

.I34 

.87 
- 

Factors lor 
correction 

LW 

1. WS 
.995 
1.021 
1.048 
,985 
1.026 

. QU5 

.995 
1. m .o 
.986 
1.010 

0.84 
1.00 
.88 
.75 
1. 14 
.79 

1.05 
1.70 
1.07 
1.00 
1.44 
1.06 

_- 

__._I_-_- 

Ssn Francisco. Calif. 

MLLW 
helow 
111'1. 

fleet 
3.17 
3.12 
3. 13 
3. 17 
3. 15 
3.21 

3.10 
3.07 
3.07 
3.06 
3.17 
3.23 

- -- 

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 exfimple is 0.12 foot 
a ainst 0.44 foot in the case of Seattle. The average dlfference from 
t a e mean value in the present example for the 12 months is 0.05 
foot. 

Dq.-To determine mean lower low mater from one or severd 
clays of observation the most practical method is by comparison with 
simultaneous observations or with the predicted tides a t  some station 
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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 Zower l#ozo water from. one day  of obeervatwna, San Francisco, Catil. 

[Comparison station, San Diego, MLW91.96 feet, MDLQs0.92  foot] 

LW 

Date 

DLQ 

_ _ ~  
1913 

Mav 1 _._...........____ 

- 
LW 

below 
IiTL 
. 

Feet 
1.80 
2.20 
1 . 4 7  
2.25 
2.35 
1. 25 
1 .65  

May 6 ..-. . . ~ -. . . . - _ _ _  -. 
May I1 ....._______ .. ... 
May 16 ..._._.._....____ 
May 21 __._._.._______.. 
May 26 ..... .__.__ ..-.. . 
May 31.. . .-.. . ......-. 

_I__ 

DLQ 

-~_l 

Feel 
0.55 
1. 15 
1.85 
.IO 

1. 70 
1.35 
.30 

San Francisco, 
Calif. 

-I_ 

LW 
below 
H T L  

Feet 
1.65 
2.05 
1. so 
2.20 
2. 20 
1.55 
1.57 
- 

_I 

D L Q  

Feel 
0.45 
1. Bo 
2. 10 
.05 

2. 15 
1.55 
.65 

_I 

_.__ _I___-._ 

San Francisco, Calif. 
___I 

1 MLW 
below 1 MDLQ 
BTL 

~ _ _  
Feet Feet 
1.80 0.75 
1.82 1.28 
2.39 1.18 
1.91 .46 
1. 83 1. 16 
2.43 1.05 
1.87 2.00 

- 

MLLW 
below 
IITL 

Feet 
2.56 
3.10 
3.57 
2.37 
2.99 
3.48 
3. a7 

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. 

I n  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 a t  the comparison station from those pre- 
vailing at the other station will tend to bring about differences in 
the diurnal inequality a t  the two stations, which will be reflected in 
values for mean diurnal inequality differing considerably from pri- 
mary values. I n  general, from one day of observations, mean lower 
low water derived by comparison with simultaneous observations at 
a suitable station may be taken as correct within three-quarters of a 
foot. 

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 a t  hand. I n  such cases the 
predicted tides a t  some suitable station may be used. The procedure 
is in all respects similar to that in the last example, I n  the follow- 
ing example mean lower low water is derived for the same seven 
days in Ma , 1913, as above, the predictions for San Diego in the 

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. I f  this value is 

tide tables P or 1913 being used for comparison. 
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not 1;iiown for the station that is used as comparison station, it may 
be derived from one 01- 11101’~ months of predictions, by correcting 
monthly rallies by means of l’ablc 7 .  I n  the example following the 
mean vnlues of MLW and AIDLQ 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. 

Meam b w e r  low water  fi ’om o w  dny of obswcations,  Saw Francisco, Calif. 

[Comparison station, San Diego (predictions), MLW=1.96 feet, hIDLQ=O.92 foot] 

1913 
May l .-. . .-. .--. . . . . .-.  
May 6 ._________________ 
May 11 ... ...__._.._..__ 
Mav 16 .______________._ 
May 21 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
May 26 .___._.___.______ 
M a y 3 1  ......-..--..-.-. 

San Francivco, 
Calif. 

~ 

LW 
below 
I I T L  

Feet 
1.05 
2.05 
1.80 
2. 20 
2.20 
1.55 
1.57 

_ _  

DLQ 

Fed 
0.45 
1. GO 
2.10 

.05 
2. 15 
1.55 
.66 

~ 

Sari Diego, 
Calif. 

LW 1 
~ 

below 1 D L Q  
I I T L  

As in the preceding example, five o 
mean lower low water differ from tl 

_____ -- 

Factors for 
correction 

LW 

1.20 
.90 

1.30 
. 91 
.91 

1.73 
1.30 

~ 

D L Q  

- 
2.30 

* 84 
.58 

18.40 
.54 
.86 

6.13 

--__ ____ . . . 

San Francisco. Calif. 

__ 
MLW 
below 
HTL 
-. 

Feet 
1.98 
1.97 
2.34 
2.00 
2.00 
2.68 
2.05 

__ 

M D L Q  

-.  _ _  
Feet 

1.04 
1.34 
1.22 
.92 

1. 16 
1.02 
3.98 

____ 

MLLW 
below 
I I T L  

Feet 
3.02 
3.31 
3.50 
2.92 
3.16 
3.70 
0.03 

the seven values derived for 
! srimarv value of 3.11 feet 

by less than half a foot. Of the remsiiing ti\Yro values one differs 
by 0.G foot, while the other, for the Nst, 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 da,ys 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. 

dictions a t  comparison stations care must be taken to choose sucEr& 
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 a t  the two stations. For this reason 
it may happen that for comparison with the tides on a given day 
one or even two tides a t  the comparison station may have to be taken 
the day preceding or the day following. The roper tides to use 
are easily determined both by the times of the ti ! e and by the order 
of occurrence. The following example will make this clear. 

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

It is important to note that in the use of tide observations or 

6OCHXk27-Q 
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Time 

Hours 
3.7 
1T. 7 
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Obsemed tides, M a y  14, 191.9 

IIeight 

Feet 
8.  1 
8 .3  

~- 

___~~_ - 
I San Francisco, Calif. 

Time 

flour8 
10.6 
23.7 

_ _  - 

1 nigh water i Lowwater 

Height 

Feet. 
3.4 
6.0 

Time ' IIeight i Time I IIeight I-,---- 
Hours I Feet ' Hours Feet 

5 . 8 '  9 . 7 '  0 . 0 1  7.5 5.0 
19.7 1 10.3 1 12.2 

San Diego, Calif. 

Low water 

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 Sun 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 the stand. A moment's consideration, how- 
ever, shows that for the c9 a7 in question the first low water at San 
Diego is cornparable, 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 occ'urrence 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 revious day the low waters at San Diego become 
comparable with t K ose 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 
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primary value. For shorter series of obseryations 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. I n  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 

Tho 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 desi ated the higher high water 
und the lower the lower high water. TE 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 designrqted as the higher high or lower high is 
framed in the same way as for the similar case of low water. The 
sin le high water is oiven the name opposite that of the preceding big% water j that is, i? the preceding high water was the higher high 
water of the day, then the single high water in question is designated 
as the lower hi h water, and vice versa. Thus, in the column of 

waters on the 10th and 18th will be designated as lower high waters. 
Where the tide becomes diurnal-that is, where but one hi h and 

higher high water, for it is the meroing.of the lower high water and 
higher low water that gives rise to t%e diurnal tide. 

high waters in t B e tabulation of Figures 19 and 20, the single high 

one low water occur in a day-the single high water obvious 7 y is a 

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. Correspondin to low-water diurnal inequality is high- 
water diurnal inequality, wtich is the difference between hi h water 

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 

and higher hi h water. As distinguished from hi her hig a water, 
high water re f ers to the average high water, whet a er for the day, 
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ma;‘ 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 sernidaily 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 i t  is the low-water. inequality that is the greater. 
However, the daily constituent of the tide has R 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 
30, 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 hi8her 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 1899-1926. 
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=liigh 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 froin nine years of obseruations, Ran. Francisco, Cal i f .  

Factor MIIW 
from above 

Table6 I H T L  
I 

MHFTW 
above 
H T L  

0.989 ~ '?'% ~ "':57 
1.011 1.97 2. 54 
.9x9 , 1.97 2 58 

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 priniary value, and 
for purposes of datum-plane determination may be taken to consti- 
tute a primary determination. 

SECONDARY DETERMINATION 

I n  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. For a series varying in 
lvngth from a month to several years two methods are available. 
On0 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 i:; 
detailed in the section on lower low water, to which reference is here 
made. 

less than a month the most 
practicable method of deriving mean figher 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. 

it may be stated that from a year of observations 

level, correct within 0.1 foot; from a month, correct to within a 
quarter of a foot; and from 8 day's observations, correct to within 
about a foot. It must be noted, however, that occasionall the value 

so that a t  least three days of observations should be used if it is 
desired to determine mean higher high water correct within a foot. 

For a series of observations coverin 

I n  summar 
mean higher E igh water can be derived, with reference to half-tide 

derived from one dag of observations may be considerab r' y in error, 
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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 ai 

tidal datum planes, and from a given series of tide observations they 
can be derived with a greater degree of precision. 

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 observations 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 rz 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. 

tidal datum planes. They are more easily determined than ot R er 

Other tidal datum planes have at  times been used. 

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 its 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. 

, the heights of consecutive monthly lowest tides will 

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 

vary Obvious!I consi erably; but within a period of two or three years the 
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low 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 tlie harmonic analysis lies in the conception of 
the tide as the simi of a number of simple tides, each of which has a 
definite period that is determined by some niotion of the moon or 
sun relative to the earth. The number of simple constituent ticks 
is theoretically very large, but most of them are of such small niag- 
nitude that for practical purposes they niay 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 lanes may be derived through the harmonic con- 

derive the datum planes accurately, but for ap  roximate determina- 

m e  of mean high water is 

half -tide level and M, is the principal lnnar semidiurnal constituent. 
I n  the same way mean low water is given approximately by HTL- 
1.1J1,. 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 €or San Francisco (Presidio). 
From the above approiiiiiate formula mean high water a t  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 a t  other places may not be quite so good and that the formula 
is intcncled to give only approsimate results. 

An approximate value for the datum of lower low water on the 
Pacific coast of the TJnited States is given by the formula MLW- 
0.6(KI-t0,) ,  in which MLW 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 diurnal inequality from mean l o ~ v  mater, 
the formula amounts to taking MDLQ as eqiial to 0.6 (Kl+Ol) ,  
which is obviously h i t  x roiqh approximation. Thiis. if we derive 
the values of 0.6 (IC, CO,)  for San Ihncisco and Seattle by wing 
the values of K, and 0, for these places given in Schrvernan’s 
Manual, we get 1.2 fept for San Frmcisco and 2.6 feet for Seattle, 
which compare with the priniarv vaIiies of MDLQ of 1.14 and 2.83 
feet, respectively. 

stants. These f ormulas are somewhat involved if it is desired to 

tions the formulas may be simplified considera ; ly. 

given approximately by the formula €IT Y! +l.lM,,.in which HTL is 
As examples, i t  niay be noted that the 

1 R. A. Harris, Mnnunl of Tides, Pt. 111 (Wnshington, D. C., 1895). 



130 U. S. COAST AND GEODETIC SURVEY 

The datum of higher high water on the Pacific coast is given ap- 
proximately by MHW + 0.3 (K, + 0,), in which MHW is mean high 
water and K, and 0, 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. A t  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. I n  the first 
place, i t  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 sufficient 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 a t  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 a t  both 
these places has already been determined in the section devoted to 
low water, and we may therefore pnt the results in tabular form, as 
folloms : 

Spring low water 

f 

Fort San 
Hamilton, Francisco, 1 N. Y. I Calif. 
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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 valucs. In 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 a t  hand, it may be derived by comparison with the 
spring low water at some other place in the same general region. 
I f  R and SpLW represent, respectively, the mean range and spring 
low water at the corn arison station and the same abbreviations, 

low mater is desired, then we have SpLW,= - 2  SpLW. I n  both 
cases SpLW represents the distance of spring low water below half- 
tide level. 

R 
R 

vi th  subscript 1, the lire Y quantities at the station for which spring 

INDIAN TIDE PLANE 

I n  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 i t  is 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-mater 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. I t  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. I n  the accepted notation it 
may be written as follows : MSL - (M, + S, + 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 lorn 
vater. 

XIII. CHANGES IN TIDAL DATUM PLANES 

IMPLICATIONS IN ASSUMPTION OF CONSTANCY OF TIDAL DATUMS 

I n  the use of tidal datums as planes of reference for elevations it 
is implied that such datums a t  any iven place remain constant 
over relatively long periods of time. 6 nderlying 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 rkgime. 
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 a t  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 Agirne, 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' 

I f  a coast is undergoing a slow gradual subsidence the first effect 
would obviously be an ap arent elevation of all the tidal datum 

ieing the amount of the subsidence. That is, if after a number of 
years the subsidence of the coast in question amo'unted 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 
hydrogra hic features of the coast, changes would ensue in the tidal 

would 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 dubsidence, but in the opposite 
direction. That is, if S is the subsidence in feet, from the beginning 
of the period, the mean sea level would appear to have risen ,9 feet. 
But, if because of the alteration of the hydrographic features coiise- 
quent on this subsidence, the range of the tide is increased by A feet, 
mean high water will appear to have risen S+y2 A feet, while for 
mean low water the apparent rise will be S-% A feet. Thus the 

lanes with respect to loca P bench marks by the same amount, this 

regime a f ong the coast, and as a consequence the different datums 
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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 Iowering of all the tidal datum 

lanes with respect to local bench marks by the amount of emergence. !& 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 hydroaraphic features become important. 
On the open const it is reasonahe 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 ma nitude are sufficient to change the range of the 

tive relations subsisting between changes in the body of water and 
changes in datums are difficult to establish from general considera- 
tions, ualitatively we may determine the changes in the datums 
that w i l  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 u 
first effect, therefore, of widening or deepening a tidal river a t  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 

enerally be greatest near the mouth of tho river, becoming gradually 
6 s s  going upstream. 

Tidal rivers serve, however, not only as highwa. s for the tide, 
but also as channels for carrying to the sea the Jrainage 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 highar in going upstream. Thus, 
irecise leveling by the Coast and Geodetic Survey shows that at 

bhiladelphia, about 100 miles u the Delaware, the mean sea level 

mean sea level on the coast, notwithstanding the fact that the range 
of the tide a t  Philadelphia is somewhat larger than at  the mouth of 
the river. 

tide and thus bring a 6 out changes in datums. While the quantita- 

(or mean river level) is about t E ree-quarters of a foot higher than 
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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. 

I f  as a result of widening and cleepeninr the mouth of a tidal 

feet and the range increased A feet, the changes in the different 
datums would be: Mean sea level, lowered IT) feet; mean high water, 
lowered D - j h  A feet; mean low water, lowered D+Y2 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, a t  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 D is less than A.  This means that 
D - y2 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 ini- 
provement of tidal rivers, since the depths 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. Rut 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. 

stream the mean sea level a t  a given point o i? the rivm is lowered D 

XIV. FORMS FOR TABULATIONS AND COMPUTATIONS 
STANDARD FORMS 

I n  the tabulationi 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 lo+!! inched long. This size is a very 
convenient one for handling, and i t  is also convenient for filing, since 
no folding is necessary. 

TABULATION FORMS 

Cornpavathe reauFing.s.-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. 

Howrly hheiy.hts.-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 recluced size in Figure 13. The sunis at  the bottoms 
of the vertical columns permit the daily sea level to  be detcnnined, 
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, 1vhich 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 qiiestion. The divisors for the 
various months are given on the sheet. 

Hi,yh and low1 uwters.-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, tho 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 low 
mater &re summed and the means derived as indicated, from which 
follows the range of the title (Ah)  ancl half-tide or mean ticlo 
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 €ewer 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 ancl low waters of the month 
from the corresponding values of higher high and lower low waters, 
respectively. Provision is also made on tho 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 

MmthZy means and extremes.-A useful form in connection with 
observations covering sweral months or more is illustrated in Fi 
ures 63 and 64, “Tides: Monthly means and extremes.” One si f- e 
(fig. 534 is used for monthly means and the other side (fig. 54)  
is used or 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 in the detection of errors. 

Other sheets of this form may be used for high water, low water, 
higher high water, etc. I n  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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F0.m 419 
DUARTMIM oo COMM~IUC 

muIuD-I- TIDES: MONTHLY MEANS AND EXTREMES 
SMlOn: ........................................... ...... .................. ...-..-. ..................... 
Obnmlimu &#in. ............................................... 06~umlbnr end ................................................... 

A 

Jan. ...................... ___ ................ ....... ...-__ ................. ........ __.. ....._-_.._- 
Feb. ..... .... .... __ .... ......... _-.... ..... ................ ...._.......... .____ 
Apr. ......... ..__ . .. .--__..._ .................. . ..-_ __.__ 
JUM ....... ..._.. . .-__ .____-.-.. i-.. ................... __._____-..-._ ._._ -.- 

......... .___ ... ............. _____._ ..... _.__- . _.__ . 

M.y ..... ....... _..__. .. _-_..-.__ --.-.. ...... _I--.._ .... ._..__- _.___.-_.. _-. .-- 
.-... ......... . ___...__ . .__.-_ __.-._-. __.__--.__ 

.............. ..__.__.__-..__ _____.__ 
.............. -I..-__- .-I.- ... -.-* .--._ -._- ._..___._ 

......... ...... 

.............. .............. ____ . .____ .... ....... ____ _____ _____ 
.- -. 

H t M A U K s :  

Jan. ........ .......... ........ 
Feb. ............................ -. .-.__ 
Mar. ............................ ........ ..... 
Apr. ................. ........_. ____ _.__._ __ 
July ..................................... ___.__.___ 
Aus. .._.. ........ ___.___.____ 
&*t. ........ .............. ___._ ..... ____.__ 
oot. 

..-......-.. _-__..__ ... .- - -. .- - 

Fro. 63.--Form for monthly means. (Front of Form 472) 
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mnn Am 
CMPa-IOIII 

~ A ~ W D F T O C O O Y U . I U  TIDES: MONTHLY MEANS AND EXTREMES 
Wfm. ..................................................................................................................................... 
O k a f f o n r  Syfn ................................................ Ohertaflmt end ................................................... 

HIOHKST TlDL ODSLRVCD I 

J.0. 

...._. ....... 
...... 

.....-....... .............. 

... 

YeU 

................................................................................. ....................................................... 
................................................................................. 

..._......... . ...................................................... 

..... ..........................................................................................._.................-... . -... .............................. 

........................ ...................................... . . ..-...-.............. . --_.. 
NOlI.-WIIU the I.Ullt tb. bead 0I-b d m b b  mlumn, W h  tb. uuuI(* b-bf WmY mm(h DmMommOS t b U  OnW, h t h e d l h r  

mt dsUi. map.nud by w m m .  Tb. b.bbU VI t. be ,Inn In M a d  UDtbL 

--I 

FIQ. 64.-Form for monthly extremes. (Back of Form 472) 
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of the variations to which the various phases of the tide m e  subject 
makes it evident that the monthly values derived directly from the 
tabulation will show relatively large differences. When reduced to 
mean ~a lues ,  however, the differences are much smaller, and if any 

DIC.m.*."? 0. CO*Y..C. 
Y. ,. e0L.I .*D .1001,1C ' Y n l l  

Form S4B 

TIDES : Comparison of Simultaneous Observatlons 

r . . . 2 g d  ................. h t .  ..... 4!.z.*....Xz.:...N.. Long. ...~.~..~..0 ... ~ O . . ' . . ~  

Chiel o! plty T.. Meridian: (A) ........... l...b (B) L....t L.......... 

(A) Subordinste shtion ....@. e r 2 L k & . .  h t .  ..... #2.:2l....A.,. LOOK. ...L.22.:..3.L.:..H 
(B) Standud station ....... 

.......... .. 
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no”,. 
0.069 
0.138 
0.207 
0.278 
0.345 
0.414 
0.483 

0.621 
0.6W 

0.552 

sheet. It is designed to accomniodate seven days of observations, but 
i t  is 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. I n  Figure Xi a week of observations at Ana- 
cortes, W a s l ~ ,  is compared with simultaneous observntioas a t  Seattle. 

EXPLANATION OF FORM 248. 

. I W”, 
31 2.1.19 
32 2.208 
33 2.277 
34 5.348 
35 2.415 
36 2.484 
37 2.563 

39 2.691 
40 2.780 

38 2.822 

This (orm is dsaigoed for the mmpnrimn of tidea a t  s auhordinnto atation for which tidd maulla are aught, with tho tidea observed 
imullrneody st a elandud a t i o n  for which t idd conatants M knom. 

For short meria of obaenstiooa tha hish and l o a  -ten ob.erved st the mbordj-te atption may be tsbulatsd immcdiataly in thir 
form, in which ewe i t  dl be vmoressvy to labdate tham dm in Form 138. 

The time and height diffnnnrm (LIO to be obtained by auhtnrling the vdum at the ataausrd staliau fmm the vdun nt the aalwrdi- 
nnte .Uth, m d  the WmIla  entered with Propar Big= in tho r o l u m n ~  iudirated. 

Find ths 8~ and maam of -1umon of lime difierance, height of lid? at both atationr, and height diffewnrr. For r.lntioas on t l ie 
M 6 c  maat, where the plene of refrrenm M m c m  lower lor, water, the heighla of the higher high, lowor high, higllcr low,  uud IV\WI. 
l o r  -tern am lo bs Summed S e p n t d Y .  the higher highs and lowor Icrwa boiop indicated by penril ehsrk marks. Far u1a:iana i!x 
Atlantic maat, where the plane of referenre ia mesn low water the heighla of tho high wnlere may be all combiued into R &rle  m n .  
-3 dmilvly the low rator hoights; tha h d i n p o f  their sumsieing made Co read Aw and LW, reapertively, by atriling out tho exim 
biten. All mew Wllaahould begken to twodedmnla of ita m i l ,  ahefbor houror foot. If any i n d i v i d d  diffennrn vnrie8.agreatly 
horn the & p p ~ c n t  PVetaPe, and an e x ~ n n t i o s  of the origiind rccord i d s  to show an emr, that differonce should not bo included in 
the -; and aueh a W h o  should be nnrirrlod to ahow that i t  hw beon rejwted. 

Fm stationron the Atlmtie maat omit (4) lo (9), (14) to (IS). (25) (26). and the computation of DUO m d  DLQ nt the hottotu U! t h  
io&. Take (10)-mean hiah water height at the aubordinnte a t i a h ,  (II)-mean low water heirht at aubordinatoatdou, (2u)--rueao 
Ugh mter difference, and (ZI)-meui low water differonce. 

Fa I1.ti00s on the PseiGc -1, *e lowar Put of the form ahould Is filled aut completely 81 incficakl 
The e m t i o n  fa difference in longitude (2) may bo obhuwd from the !allowing tphle. Find the diffurc8,rc ill longitudp lly aub- 

a t t r i g  the loogitude of the N b d i n a t e  atation fmm the lorigitude of tho atnodnrd atation, cooaidariakg west od x-tive v,,d swt m 
nepdvs. The correction haa tho Same Ugn M tho reaultiog d&rencc of luyitudea. 

If ths kind of time w d  st the two mtatimw ia differeut, apply this differenc.e. e x p r d  in hours, to the diKerellrr ill the tilo. 
ride u directly OhtPined, adding if the time mwidian of thn eubordinato stntiun is wed of the t h o  meridinn of tho aludard statio,>, 
mnd N h b . f t i q  if the time meridim of the aubordioah atnlion i a  em1 of thot of the atandard statioo. 

0.759 
0.828 
0.897 
0.W6 

1 104 
1.173 
1.242 
L S l l  
1.380 

1 035 

- 
1 
2 
3 
4 
5 
6 
7 
8 
8 

10 

11 
12 
13 
14 
16 
10 
17 
I8 19 

20 

21 
21 
25 
24 
25 
28 

29 so 

27 28 

- 

41 2.829 
42 2 . 8 9 ~  
43 2.907 
I 4  3.030 

46 3.174 
47 3.243 
48 3.312 
49 3.3U1 
50 S.4M 

45 3.105 

_E - U*. 

IN”.. 
0.001 
0. 002 
0.003 
0. 005 
0. 006 
0 007 
0 008 
0.009 
0 010 
0.012 

0.013 
0.014 
0.015 
0.016 
0.017 
0.018 
0.020 
0.021 
0.022 
0.023 

0.024 
0.026 

- 

o. me 
o.nz8 
0.029 
0.030 
0.031 
0.031 
0.033 
0. os5 - 

6.009 

7.107 
7.176 

7.314 

7.4% 
7.621 
7.5W 

7.038 

7.246 

7.383 

- 
z - 
31 
32 
33 
34 
36 
36 
37 
38 
39 
40 
41 
42 
43 
44 
46 
46 
47 
48 
49 
w 
51 
SZ 
63 
M 
65 
56 
67 
58 
50 
80 - 

181 9 039 

133 V . l i I  
131 9.2411 

1JU 9.3M 

131 9.822 
158 9.591 
140 0.W 

la: 9.108 

135 n . m  
137 a . w  

.. - - 
r e  

UCOl. 

m v .  

0.037 
0.038 
0. 0311 
0. wo 
0.041 
0.043 
0.044 
0. M5 
0.048 

0.047 
0.048 
O.M9 

0.062 
0.053 
0.064 
0.055 
0.050 
0.055 

0.058 
0. ou) 
0. W l  
0. 002 
0 083 
0. oei 

0 068 
0.000 

__ 
0. (wm 

0.051 

n. oae 
0.007 

- 

1.448 
1.518 
1.687 
1.866 
1.725 
1 . 7 s  
1.m 
1.u12 
2.031 
2.070 

s 
ltdr -. - 

1 
2 
S 
4 
5 
8 
7 

9 
10 

11 
12 
I3 
14 
16 
16 
17 
I8 
19 
20 

21 
22 
25 
24 
26 
p8 
27 
28 
29 
30 - 

51 3.519 
52 S.5@ 
€3 9.887 
64 3.726 
M 3.705 
50 3.864 
57 3.933 
58 4.002 
69 4.U71 
80 4.140 

7.688 
7.728 
1.787 
7.W 
7.935 
8.W 
8.073 
8.1*1 
8.211 
8.280 

141 9.729 
142 9.798 
i4S 9.867 
144 8.936 
145 10.ci18 
146 10.074 
147 10 143 
148 10.212 
149 10.281 
150 19.351 

Dlllu 
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61 
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83 
I4 
65 
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a7 
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09 
70 

71 
72 
78 
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-~ 
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UW 
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4.34: 
4.416 
4 485 
4.6% 
4.623 
4. 602 
4,761 
4.830 

4.899 
4.Y6P. 
6.037 
5. 106: 
6.175 
6.244 
5.318 
6.3X2 
5.451 
5. G20 
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5.66s 
6.757 
6.796 
6.885 
6.934 
H.W 
6.071 
6. 141 
6.210 

- 

- 

- 
Nupl 
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91 
92 
93 
M 
95 
98 
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99 

100 
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10; 
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100 
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11s 
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190 - I I  
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enm. - 
161 
I$! 
153 
184 
153 
150 
157 
168 
1511 
1W 
101 
162 
1 88 
164 
lli5 
166 
107 
I ti8 
169 
170 

1i1 
1 I2 
173 
17i  
17s 
176 
177 

170 
180 

i7a 

- 

.. . >  1 
,A,: 

10 4% 
10 4Y9 

!0.6?7 
10 096 
10.785 

111.!WS 
10. !I72 
11.Ukl 

I I . l i 9  
11.248 
11 :st7 
11.388 
11.455 
11. 624 
11. $93 
Il.6S? 
I l . 7 3 1  

iu ,+,n 

i n . 8 ~ 4  

11 i1n 

ll.P.00 
11.80’d 
II.W3K 
12.0117 
1.’ niti 
12. I 4 S  
12 214 
i? 283 
13.352 
12.421 - 
11-11,, 

FIG. 56:--EXplnnation of form for comparison of simultaneous obscrvutIons. ( B w k  
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. I n  such cases the values derived from the observa- 
tions are entered in the ap ro riate places a t  the bottom of the 

putation carried through as indicated. 
columns of “Time difference R P  and “Height difference” and the com- 

5000s-27-10 
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