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CHART DATUMS 

INTRODUCTORY 

N,EED FOR DATUM PLANES 

Heights and depths, whether on land or sea, must be reckoned 
from some fixed level which is adopted as a reference plane. Tech- 
nically this adopted reference plane is known as a datum plane o r  
datum. The datums used in connection with nautical or hydro- 
graphic charts belong to the class known as hydrographic datum 
planes. As the name implies, hydrographic datum planes are 
datums used in hydrographic work. 

The need for hydrographic datum planes arises in  connection 
with all hydrographic work that involves either the depths of the 
water or the heights along the shore. Thus, in the improvement 
of harbors to meet the demands of the deep-draft vessels of 
modern commerce, the depths to which channels are dredged must 
be referred to some fixed datum. I n  the construction of wharves 
and of marine structures of all kinds, the basic elevations refer 
to some fixed hydrographic datum. 

But it is especially in connection with the construction of hydro- 
graphic or nautical charts that hydrographic datum planes become 
important. To determine the depths in the region covered by the 
chart, depth measurements, or soundings as they are usually called, 
are made. But these depths as actually measured do not correctly 
represent the depths in the region; for the soundings are made from 
the surface of the sea, the level of which is constantly changing 
under the influence of the rise and fall of the tide and of the dis- 
turbing effects of wind and weather. To  determine the correct 
depths from the soundings they must be reduced to some uniform 
level or fixed datum plane. 

Again, the delineation of the shore line on the chart is possible 
only with reference to some datum. For the boundary between land 
and sea is shifting continually-landward with the rising tide and 
seaward with the falling tide. On1 with reference to some hydro- 

8autical charts are issued primarily for the use of the navigator 
and may be considered as serving three purposes. I n  the first place, 
a, nautical chart indicates the depth of water in the region whwh it 
covers, and thus permits the navigator to choose safe lanes of travel. 
Secondly, it reveals the hidden topography of the sea bottom, which 
is of use in locating the position of a shi especially in thick 

ease in identifying locations along the coast. 

gra hic datum plane can this boun Ci! ary be fixed on the chart. 

weather. Thirdly, by representing coastal P eatnres it makes for 

1 
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Now it is to be noted that the topography of the sea bottom, as 
depicted on a chart, remains the same whatever the datum used. 
For example, a submarine ridge or valley as it appears on a chart 
bears exactly the same relation to the surrounding submarine fea- 
tures whether the datum used in plotting the area be a low-water 
datum, a high-water datum, or any other datum. I n  other words, 
as regards nautical charts, the topography of the sea bottom is 
independent of the datum. 

As regards coastal features represented on a chart, it is clear that 
the appearance of these features will vary somewhat with the datum 
adopted. A rock or shoal area which becomes uncovered at low 
water will appear as a visible object on a chart that makes use of 
a low-water datum, while on a chart that makes use of a high- 
water datum the same feature will be shown as under water. The 
appearance of the shore line and of coastal features on a chart de- 
pends, therefore, somewhat on the datum adopted. 

The depths shown on a chart, however, depend wholly on the 
datum used. Different charts of the same region will show different 
depths unless the same datum plane is used by all the charts. Thus 
a chart of a given region will show depths two feet greater than 
another chart of thd same region if the datum used in the former is 
two feet higher than the datum used in the latter. 

KINDS OF DATUM PLANES 

In some hydrographic work the immediate purposes involved 
make it of little moment whether one datum plane or another is 
used. I n  such work it is merely necessary that the heights or depths 
involved be referred to some definite datum plane. Thus, in the 
delineation of the topogaphy of the bottom of the sea of a given 
region, it is frequently immaterial whether a high-water datum, a 
low-water datum or some arbitrary datum, like that defined by the 
top of a certain rock, be used. 

Arbitrary datum planes, however, are subject to a number of ob- 
jections as hydrographic datums. I n  the first place, any depths 
shown with reference to an arbitrary datum plane have no meaning 
in themselves. For example, a depth at  a given point of 20 feet 
below the level defined by some mark on shore gives no information 
of the actual depth of the water a t  that point. For it all depends 
on the relation of the adopted mark to some phase of the tide, 
I f ,  howeifer, the depth at  the given point is stated as 10 feet below 
meaii low water, it is immediately clear that the greater part of the 
time 10 feet of water or more will be found at that point. 

Another and even more serious disadvantage of arbitrary d. ‘1 t urn 
planes for .hydrographic purposes arises from the fact that such 
datums can not be recovered if lost. Take the case of a harbor chart 
on which the depths are shown with reference to some well-defhcd 
point on a given wharf. I n  the course of time the particular wharf 
may be destroyed by one cause or another. And then, when a survey 
is made to determine whether any changes in depth have taken place 
in the harbor, there are no means for accurately determining this, 
because the datum used on the previous chart is lost. 
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It is clear, therefore, that  with regard to the two features discussed 
above, a rational datum plane should define depths with regard to 
some well-defined phase of the level of the sea, and should moreover 
be capable of recovery even though all bench mark connections be 
lost. These advantages are possessed in  marked degree by datums 
dependent on the rise and fall of the tide. Specifically, hydro- 
graphic datum planes based on the rise and fall of the tide possess 
the advantages of simplicity of definition, accuracy of determination 
and certainty of recovery. For  these reasons tidal datum planes are 
made use of as hydrographic datums. 

Bu t  even when restricted to the use of datum planes based on the 
tide, the hydrographer is confronted by a bewildering variety of such 
datum planes from which he must choose. For  convenience, how- 
ever, they may all be grouped into three classes; namely, high-water’ 
datums, mean sea-level datums, and low-water datums. A brief 
consideration of each of these classes will bring out the distinctions 
between them. 

A high-mater datum is one determined by some high-water phase 
of the tide, and for some purposes such datums are very desirable, 
Lands fronting the seashore frequently are delimited by the high. 
water line, which makes some high-mater datums (mean high water 
or mean higher high water) basic datums in connection with the 
title to such lands. A n  important consideration in connection with 
bridges spanning navigable tidal waters is the clearance under the 
bridge. This clearance is least a t  high water. Hence the clearance 
allowed for  is specified with respect to some high-water datum, gen- 
erally mean high water. I n  warehouse construction along the water 
front, the height to which high water may rise determines the height 
below which storage is unsafe for certain commodities; and here 
some high-water datum like spring high water or storm high water 
is the most satisfactory reference datum. 

As a datum for  nautical charts, however, a high-water datum has 
many disadvantages. When referred to a high-mater datum the 
depths shown on the chart are maximum depths which obtain only 
for  short periods once or twice a day. Such depths give a false sense 
.of security; for shoal places, which constitute dangers in navigation, 
will be shown with the maximum depth of water over them. Rocks 
which most of the time are uncovered, and thus constitute land marks 
for location of position, will appear on nautical charts as covered 
with water when referred to a high-water datum. High-water da- 
tums are therefore rarely used as datums for charting depths on nau- 
tical charts. 

Mean sea-level datums are those which approximate the mean 
level of the sea, as for  example the datum of mean sea level or that  
of half-tide level. These latter datums, for  hydrographic purposes, 
are free from a number of disadvantages inherent in  high-water 
datums. Indeed, a t  first thought mean sea level suggests itself as 
the most suitable datum, since in a true sense the depth of water a t  
any point is its depth at  mean sea level; for it is clear that while the 
actual depth at  the point is constantly changing, being sometimes 
more and sometimes less than the mean sea level depth, its average 
depth is that  reckoned from mean sea level. For  many purposes 
mean sea level is the most satisfactory datum from which to  reckon 
depths in the sea. 
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For  the purposes of the navigator, however, mean sea level is no t  
the most satisfactory datum. For  the mariner is interested not so. 
much in  the absolute depth of the water as  in a depth sufficient for  his 
vessel. The critical depths are therefore in  shoal areas a t  the time 
of low mater when there may not be sufficient depth for the draf t  
of his vessel. With mean sea level used as the datum, such critical 
areas will still show depths greater than those found at  the time of 
low water. 

Coming nom to a consideration of low-mater datums for use 011 
nautical charts, it becomes evident a t  once that these are free from 
the disadvantages inherent in the other two classes of datums. The 
approximate minimum depth a t  any point obviously occurs when 
the tide is a t  low water. The use of a low-water datum as the chart 
datum, therefore gives immediately the approximate minimum 
depths a t  all points. 

Another advantage low-water datums posscss, comes to light in 
connection with the use of tide tables for determining the actual 
depth of water a t  a given time. As a general rule it IS a simpler 
matter t o  add a correction to  a depth than to subtract it. With the 
use of a lorn--water datum the corrections for  the rise and fall of the 
tide are predominantly additive. With a mean sea-level datum half 
of thcse corrections are positive and half negative ; and with a high- 
mater datum they are predominantly negative. 

The purposes of the mariner are thus best served by the use of 
some low-mater datum on nautical charts. I f  the tide fell to  the same 
depth a t  each low water, the problem of hydrographic datum planes 
mould be a simple one. Under such conditions there would be but 
one low-water datum and a single low-water observation would be 
sufficient to  determine it. B u t  unfortunately the fall of low water 
a t  any place varies continually, this variation being in  large par t  in 
response to  the periodic changes in the tide. This means not only 
that different low-water datums may be defined, but also that  the 
accurate determination of a low-mater datum is not a simple matter. 
These two aspects of the problem, namely, the choice of t he  most 
suitable low-mater datum for a given region, and the accurate deter- 
mination of this plane, will be considered in some detail later. As a 
preliminary, a brief discussion of the tide will be of advantage. 

THE TIDE 

GENERAL CHARACTERISTICS 

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 moon. 
Both in the times of occurrence of high and low water and in  the 
extent of rise and fall does the tide exhibit its close relation to  the 
movement of the moon. 

The characteristics of the rise and fall of the tide a t  any place are 
most clearly exhibited in  the form of a tide curve, that is by a graphic 
representation of the changing level of the water a t  that  place. A 
tide curve may be made by plotting, to  a suitable scale on cross section 
paper, the heights of the water as  observed a t  regular intervals on a 
fixed vertical staff graduated to  feet and decimals, and drawing a 



CHART DATUMS 5 

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. 

I n  Figure 1 is shown the tide curve for the first tmo days of June, 
1920, a t  For t  Hamilton in New York Harbor. The figures a t  the 
top, from 0 to 24, represent the hours of the day beginning with 
midnight. Numbering the hours consecutively to  24 eliminates a11 
uncertainty as to  whether a given hour is in  the morning or in the 
afternoon; in  addition there is the further advantage of great con- 
venience in  computations. The figures a t  the left increasing upward 
from 0 to 6 represent the height of the tide as referred to  a vertical 
tide staff. 

It is seen that  in its rise and fall the tide does not move a t  a 
uniform rate. Starting for example a t  low water, the tide is seen 
to rise very slowly a t  first but a t  a constantly increasing rate for  

 FIGURE^ 1.-Tide curve, For t  Hamilton, N. Y., June 1-2, 1920 

about three hours, when the rate of rise is a maximum. The rise 
then continues a t  a constantly decreasing rate for  the following 
three hours when high water is reached and the rise ceases. The fall 
of the tide occurs in  a similar manner, the rate of fall being least 
immediately after high water but increasing cohtinually for about 
three hours when it is at a maximum, and then decreasing for the 
following three hours, when low water is reached. 

With respect to  the rise and fall of the tide, high water and 
low water have precise meanings. They refer not so much to the 
absolute height of the water as to  the phase of the tide. High 
mater is the maximum height reached by a rising tide and low 
water is the minimum height reached by a falling tide. 

It is important to note that in the use of the terms high water 
and low water in  reference to the tide, the absolute height of the 
water is not in  question. It is not a t  all infrequent a t  many places 
to have the high water of one day lower than the low water of 
another clay. Whatever the height of the water, when the rise of 
the water ceases and the fall is to begin, the tide is a t  high water; 
and when the fall of the water ceases and the rise is to  begin the 

7 7 2 5 - 3 L 2  
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tide is at low water. The difference in height between a high water 
and a preceding or following low water is known as the “range of 
tide ” or ‘‘ range.” The average difference .in the height of high 
and low water at any given place is called the ‘‘ mean range.” 

Figure 1 shows further that high water and low water in New 
York Harbor follow each other by intervals of a little over six 
hours, which means that the interval separating two high or two 
low waters is somewhat more than 12 hours. This interval varies 
somewhat from day to day but on the average is 12 hours 25 minutes. 
This means that from day to day the tide becomes later by 50 
minutes. I n  other words the tidal day, like the lunar day, has a 
length of 24 hours 50 minutes on the average. This is true not only 
for New York Harbor but for the whole world. 

VARIATIONS IN RISE AND FALL 

I f  the rise and fall of the tide at any place is studied, it is found 
to vary from day to day. I n  part this variation reflects changing 
meteorological conditions. But in greater part the variations in 
rise and fall of the tide are due to astronomic causes, being brought 
about -by variations in the position of the moon relative to earth 
and sun. 

I n  the following section it will be necessary to consider in detaiI 
the variations to which the fall of low water is subject. Here i t  
will be sufficient to consider briefly the principal variations in the 
rise and fall of the tide. These are three in number and are related 
respectively to the moon’s phases, parallax, and declination. 

At the time of new moon or full moon the tidal forces of sun and 
moon are in the same phase and so strengthen each other. As a 
result, high water at such times rises higher and low water falls 
lower than at other times. The tides that occur at the times of new 
or full moon 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 in opposite phase, and the tide therefore 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.” 

The period of the moon’s phases (the synodic month) is approxi- 
mately 29% days in length. Within this period therefore, there 
will be two cycles of increasing and decreasing rise and fall of the 
tide, each cycle having a period of about two weeks. Beginning at 
new moon there is a week of decreasing rise and fall to the time of 
the moon’s first quarter. This is followed by a week of increasing 
rise and fall to full moon, when a week of decreasing rise and fall 
ensues to the time of the moon’s third quarter. The full cycle is then 
completed by a week of increasing rise and fall to the time of new 
moon. 

I t  is to be noted, however, that at most places there is a lag of a 
day or two between the occurrence of spring or neap tides and the 
corresponding phases of the moon ; that is, spring tides do not occur 
on the days of full and new moon, but a day or two later; likewise, 
neap tides follow the moon’s first and third quarters after an interval 
of a day or two. This lag in the response of the tide is known as 
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the ‘‘ age of phase inequality ” or “ phase age ” and is generally 
ascribed to the effects of friction. 

The second of the three principal variations in the rise and fall 
of the tide is that dependent on the varying parallax of the moon 
or its distance from the earth. I n  its movement around the earth 
the moon describes an ellipse in a period of approximately 27v2 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 far- 
thest from the earth, its tide-producing porn-er is diminished, the 
tides at such time exhibiting a decreased rise and fall. These 
tides are called ‘‘ apogean tides ” and the corresponding range the - I - 
L C  apogean range.” - 

NOW, while the period of the moon’s distance. the so-called anoma- 
listic month, has length approximating that of the moon’s phases, 
only one cycle of increasing and decreasing rise and fall of the tide 
takes place in response to the moon’s varying distance. But like 
the response in the case of spring and neap tides, there is a lag in the 
occurrence of perigean and apogean tides. The greatest rise and fall 
does not come on the day when the moon is in  perigee, but a day o r  
tm7o later; likewise, the least rise and fall does not occur on ,he 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 mby have a 
negative value. This lag is known as the “age of parallax 
inequality ” or “parallax age.” 

The third variation in the rise and fall of the tide arises from the 
fact that 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 con- 
stantly changing, and this change in the position of the moon pro- 
duces a variation as between morning and afternoon tides. When 
the moon is on or close to the Equator-that is, when its declination 
is small-morning and afternoon tides are very much alike. As the 
declination increases, morning and afternoon tides begin to  show 
decided differences; and at the time of the moon’s maximum semi- 
montlily declination these differences are very nearly a t  a maximum. 

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. A t  the times of the moon’s maximum semimonthly 
declination, when the differences between morning and afternoon 
tides are at a maximum, the tides are called “tropic tides,” since the 
moon is then near one of the tropics. Like the response to changes 
in the moon’s phase and parallax, there is a lag in the response to the 
change in declination, this lag being known as the “ age of diurnal 
inequality ” or “ diurnal age ,’; and, like the phase and parallax ages, 
the diurnal age raries from place to place, being generally about one 
day, but in some places it may have a negative value. 

The period of the moon’s declination, known as the tropic month, 
is approximately 27v3 days in length. Like the periods of the phase 
and parallax variations the length of the tropic period is approxi- 
mately four weeks. And within this period there are two full cycles 
of variation as between morning and afternoon tides, 
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The three variations in the rise and fall of the tide considered 
above are exhibited by the tide the world over; but the degree to 
which response is made to each of the variations differs considerably. 
I n  many regions the variation from neaps to springs is the principal 
variation; in certain regions it is the variation from apogee to 
perigee that is the principal variation, and in other regions it is the 
variation from equatorial to tropic tides that is the predominant 
variation. 

The month of the moon’s phases (the synodic month) is approxi- 
mately 29% days in length; the month of the moon’s distance (the 
anomalistic month) is approximately 2’7% days in length; the month 
of the moon’s declination (the tropic month) is approximately 27y3 
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FIGURE 2.-Tide curves, San Francisco, Calif., April 15-16 and 22-23, 1920 

days in length. I t  follows, therefore, that very considerable varia- 
tion in the rise and fall of tide occurs during a year due to the 
changing relations of the three variations to each other. 

DIURNAL INEQUALITY 

The difference between morning and afternoon tides arising from 
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  
hei lit. the differences in the tide 

the tide curves for the two periods easily comparable, 0 hours wss 
taken to be the time, both on April 15 and on April 22, when the 
tide had reached the mean level of the sea, which is represented by 
the horizontal line associated with each of the tide curves. 

Figure 2 represents graphical1 
at Ean Francisco on April 15-16 and 2 pril 22-23, 1920. T o  make 
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I n  the second half of April, 1920, the moon was over the Equator 
on the 15th, and at its greatest north declination on the 22d. The 
upper curve of Figure 2 thus typifies the equatorial tides at San 
Francisco while the lower curve typifies the tropic tides. For the 
two days of April 15-16, morning and afternoon ticles are seen to 
resemble each other closely; that is, morning and afternoon high 
waters resemble each other, and likewise morning and afternoon lorn 
waters. 

For the two clays of April 22-23, however, as the loww curve 
shows, morning and afternoon tides do not resemble each other. 
The morning high maters are lower than the afternoon high waters, 
while the morning low waters are very considFrably lower than the 
afternoon low waters. In  other words, for these two days the tide 
exhibited considerable diurnal inequality. 

The existence of diurnal inequality makes necessary the distinc- 
tion between. the two high waters as well as between the two lorn 
waters of a day. Distinctive names have been given to each. Of 
the two high waters of a day, the higher is called the “ higher high 
water ” and the lower the “ lower high water.” Likewise, of the two 
low waters of an tidal day, the lower is called “ lower low water ’’ 
and the higher “ i igher  low mater.” 

TYPES OF TIDE 

From one place to another the tide exhibits differences in regard 
to time, range, and characteristics of rise and fall. As regards 
differences in time and range of tide at different places, it is un- 
necessary here to consider the matter except to note that these dif- 
ferences exist and nia be very marked. Thus, within the tidal 
waters of Chesapeake d a y  the tide at different places differs in time 
by as much as 12 hours. I n  the body of water that embraces the 
Gulf of Maine and the Bay of Funcly, the tide on a given day will 
be found to rise and fall but a foot on the southern shore of Nan- 
tucket Island, and 40 feet or more in Noel Bay. 

The differences in the characteristics of rise and fall of the tide, 
however, it is necessary to consider in some detail, since these differ- 
ences are of importance in connection with hydrographic datum 
planes. While the differences in characteristics of rise and fall of 
tide are of great variety, it is found possible to group the various 
kinds of tides under three types, namely, semidaily, daily, and 
mixed. Instead of semidaily and daily the more technical terms of 
semidiurnal and diurnal are frequently used. 

The semidaily type of tide is one in which two high and two low 
waters occur each tidal day, with but little diurnal inequality. In  
this type of tide the cycle of rise and fall occupies half a day, both 
cycles of the day resembling each other closely. Figure 1, which 
represents the rise and fall of the tide in New Yorlr Harbor for a 
period of two days, illustrates this type of tide. The semidaily is 
the predominant type of tide along the Atlantic coast of the United 
States. 

I n  the daily type of tide, as the name implies, there is but one cycle 
of rise and fall in a day; that is, high water and lorn water follow 
each other by intervals of a little over 12 horns. “his type of tide 
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a t  Honolulu, T. H., may be instanced. I n  Figure 5 the tide curve 
at  Honolulu for April 22-23,1920-the same days as shown i n  Figure 
&is represented. Here the range of the tide for the two clays 
shown averaged 1.2 feet. Morning and afternoon lorn waters on 
these days were practically of the same height, differing by but one- 
tenth of a foot. Morning and afternoon high waters, however, 
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h’lGtiRE 4.-Tide curve, Seattle, Wash., April 22-23, 1920 

differed by 1.3 feet. It is of interest to note, too, that  the lower 
high waters for each of the two days did not rise as high as mean 
sea level, mhich is represented by the horizontal line of the figure. 

A third form of the mixed type of tide lies midway between the 
two forms discussed above. I n  this third form the diurnal incquality 



12 U. S. COAST A N D  GEODETIC SURVEY 

' 3- 

2 -  

/ -  

0 -  

/ -  

2 -  

J- 

The different forms of the mixed type of tide can be shown to 
result from different combinations of the daily and semidaily tides. 
As an example, suppose that a t  a given place the daily and semi- 
daily tide-producing forces give rise to daily and semidaily tides of 
equal range and that the phases of these are such that the high water 
of the semidaily occurs a t  the same time as the high water of the 
daily. This i's shown graphically in Figure 7 in which the dotted 
curve represents the semidaily tide and the dashed curve the daily 
tide. The height of the resultant tide at any moment will obviously 
be the sum of the heights of the semidaily and daily tides a t  that 
moment. I n  Figure 7 the resultant tide is shown by the full-line 
curve. 

I n  the particular case illustrated by Figure 7 it is seen that the 
tide resulting from the combination of the daily and semidaily tides 
is a mixed tide with the inequality featused wholly in the high 
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FIGCRE &--Tide curve, Snn Diego, Calif., April 22-23, 1920 

waters, resembling closely the tide curve for Honolulu in Figure 5. 
I f  the semidaily and daily constituents of the tide have such phases 
that their low waters coincide, the resultant tide mill  be of the mixed 
type with the inequality wholly in the low waters. Graphically 
this would be represented by turning Figure 7 upside down and 
bearing in mind that time is nom reckoned from right to left. This 
case resembles the tide curve for Seattle shown in Figure 4. Finally 
if the daily and semidaily constituents of the tide have such phases 
that they are a t  mean sea level at the same instant, the resultant tide 
mill be of the mixed type with the inequality featured in equal de- 
gree by both high waters and low waters. I n  the latter case the re- 
sultant tide curve resembles the tide curve for San Diego shown in 
Figure 6. 

The illustrative examples discussed in the two preceding para- 
graphs were limited to three cases in which the phases of the daily 
and semidaily constituents of the tide were different but their ranges 
equal. If now we take combinations of daily and semidaily con- 



CHART DATUMS 13 

stituents of different ranges and also of different phases it is clear 
that a very great variety in the forms of the mixed type of tide will 
result. And as a matter of fact a very great variety of forms of the 
mixed type of tide is illustrated by the tides actually observed in 
the seven seas. 

The diurnal inequality in the tide at any place varies throughout 
the month in accordance with the moon’s declination. When this 
declination is small-that is,. when the moon is on or close to the 
Equator-the diurnal inequality is least ; while, when the declination 
is large, near the times of the moon’s maximum semimonthly north 
or south declination, the diurnal inequality is greatest. This gives 
rise to several features which require consideration here. 

I n  the first place, as a result of the varying diurnal inequality, 
tides of the mixed type resemble the semidaily type during those 
times of the month when the moon is close to the Equator. The upper 
curve of Figure 2, representing the tide curve for San Francisco on 
April 15-16, 1920, illustrates this nicely. Likewise at  times when 
the declination of the moon is large, the semidaily type of tide will 
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F I Q W R ~  7.-Combination of a daily and semidaily tide 

exhibit relatively large inequality, resembling the mixed type of 
tide at such times. Hence in assigning the tide at any place to a 
particular type, reference is made to the predominating character- 
istics of the tide at  that place. I f  for the greater part of the month 
the tide at  a given place exhibits little inequality, it is classed as of 
the semidaily type. I f  during the greater part of the month the tide 
exhibits considerable inequality, it is classed with the mixed type. 

It follows, too, that no sharp line of demarcation can be drawn 
between the semidaily type of tide on the one hand, and the mixed 
type on the other. For technical purposes the tidal mathematician, 
by means of the harmonic constants, defines the type of tide with 
reference to definite ratios between the semidaily and daily con- 
stituents of the tide. But here it is unnecessary to enter into that 
phase of the subject. 

Not only is it difficult to draw a sharp line of demarcation between 
the semidaily and mixed types of tide, but it is also difficult to draw 
one between the mixed and the daily types. For it is clear that as 
the inequality in the tide a t  any place increases, the difference 
between the lower high water and the higher low water becomes less 
and less, until finally the two merge so that but one high and one low 
water occur ; that is, givin rise to  a daily tide. This is exemplified 

1.920, shown in Figure 8. 
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by the tide curves for Ga K veston, Tex., for the period June 22-29, 
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Referring to a table of the moon's phases it is found that in the 
latter part of June, 1920, the moon was on the equator on the 22d, and 
at its maximum southern declination on the 29th. On the 224 Figure 
8 shows that there was but little diurnal inequality in the rise and 
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FIQUUH~ 8.-!Cide curves, Qalveston, "ex., June 22-29, 1920 

fall of the tide at Galveston. Thereafter, however, with the increas- 
ing declination of the moon the inequality in the tide increased, the 
higher low water approaching in height the lower high water. On 
the 28th, there was but 0.1 foot difference between the higher low 



CHART DATUMS 15 
water and the immediately succeeding lower high water, and on the 
29th they merged giving but one high and one low water on that day. 

Obviously the existence of different types of tide introduces a 
complicating factor in the matter of hydrographic datum planes. 
A datum suitable for one type of tide is clearly not suitable for 
another. For example, in New York Harbor, where the tide is of the 
semidaily type, mean low water is a very satisfactory datum, since 
consecutive low waters do not, as a rule, differ much. But for Seattle 
this datum is not satisfactory since consecutive low waters may differ 
by 8 feet or more. 

Not only in the choice of the most suitable datum, but also 
in the accurate determination of the datum plane chosen, does the 
existence of diurnal ine uality complicate matters. For this adds 

all these different fluctuations must be taken into account in the 
determination of any desired plane of low water. 

another fluctuation to w gn ich the fall of low water is subject and 

IRREGULARITIES IN TIDES 

I n  the consideration of the various features of the tide, thus far, 
it has been tacitly assumed that the rise and fall of the tide takes 
place in a regular manner, resulting in  a tide curve characterized 
by regularit of outline as illustrated for the various types of tide. 
I n  protectei waters during calm weather the tide curve drawn 
by an automatic tide gauge is a smooth curve wholly free from 
irregularities. 

There are various agencies at  work, however, that tend to bring 
about irregularities in tides. Such irregularities manifest them- 
selves not only in visible irregularities in the tide curve for any one 
day but also in irregularities in the progression of the times and 
heights of high and low water. 

The chief agency disturbing the r e d a r i t y  of the tide is the wind. 
The waves, due to the wind, mask &e regular rise and fall of the 
tide by superimposing upon it the rapid change in level of short- 
period waves. On the record of an automatic tide gauge such waves 
manifest themselves as numerous small “ saw teeth,” as illustrated 
in the bottom curve of Figure 9, which is a reproduction, on a re- 
duced scale, of the tide auge record at  Atlantic City for January 3, 
1925. On that day a n i  also on the preceding day there had been 
heavy winds which gave rise to heavy seas. The waves left their 
record on the tide curve in the form of “saw teeth”; that is, of 
rapid changes in the elevation of the surface of the sea. 

A more pronounced effect of the wind is seen in the middle 
curve of Figure 9. A little after 11 olclock movements of greater 
amplitude and longer period are seen to have taken place, culminat- 
ing in the very sharp rise of lyz feet, a little after 1 p. m. On that 
day the wind a t  Atlantic City attained a velocity of 78 miles per 
hour, this occuring a little before 1 p. m. 

These oscillations of relatively large amplitude and period, are 
not due to ordinary wind waves, but to stationary wave oscillations 
known as seiches. These are usually most pronounced within a bay 
or harbor. I n  Figure 10 are shown the tide curves at  Honolulu, 
T. H., for the period February 2-6, 1923, during which very large 
.seiche movements took place. 
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FIGURU 9.--Tide curves, Atlantic City, N. J., January 1-3, 1926 



CHART DATUMS 17 

The upper curve of Figure lorepresents the tide curve for Hono- 
lulu for February 2, 1923, and exemplifies the normal tide curve for 
that place. The second curve, for the first half of February 3, like- 
wise is the normal tide curve; but a little before noon, the regularity 
of the rise and fall is disturbed by a rapid oscillation of the water 
with a period of about a third of an hour. This seiche, it is of 
interest to  note, has an oscillation of very nearly 3 feet or consider- 
ably more than the normal range of the tide. 

Seiches may arise from winds, sudden changes in barometric pres- 
sure or from seismic waves. The seiches in the middle curve of Fig- 
ure 9 were due to heavy winds, while those illustrated in Figure 10 
were due to seismic waves arising from a quake which occurred on 
February 3,1923, off the coast of Kamchatka, about 2,500 miles from 
Honolulu. 

Wind and barometric pressure are also instrumental in changin 
the level of the sea and thus in changing the heights of high an 
low water. Onshore winds as a rule raise sea level and thus the 
heights of high and low water, while offshore winds lower these 
heights. I n  the same way decreasing barometric pressure as a rule 
raises the heights of high and low water while increasing pressure 
lowers these heights. 

I n  changing the level of the water, winds also bring about irregu- 
larities in the progression of the times and heights of high and low 
water. An example of this is shown in Figure 11, which represents 
the tide curves at  Philadelphia, Pa., for the 5-day period February 
28 to March 4, 1914. 

For February 28, the tide curve is a normal tide curve for Phila- 
delphia, as is also the tide curve for the greater part of March 1. 
On that day heavy northwesterly winds began to blow and the 
water began to  recede from the river, so that the low water which 
would normally have occurred about midnight is completely masked. 
The recession of the water continued until 14 o’clock on March 2, 
obliterating the high water that would have occurred a little after 
5 o’clock, so that on March 2 but one high water and one low water 
occurred. On March 3, the tide became more nearly normal and on 
the 4th the curve is that of the normal Philadelphia tide. 

The disturbance in the times of high and low water for March 2 
is obvious from the tide curve. The heights, too, were greatly dis- 
turbed. The low water which occurred a little after 14 o’clock 
registered 2 feet below mean low water, whereas the undisturbed low 
water for that afternoon should have registered half a foot above 
mean low water. 

I n  the upper reaches of tidal rivers irregularities in-the rise and 
fall of the tide arise also in consequence of the variation of fresh- 
water run-off. During freshet conditions not only are the heights 
of high and low water raised above their normal heights, but the 
tidal fluctuation may be completely obliterated. 

FLUCTUATIONS OF LOW WATER 

8 

NATURE OF TEE FLUCTUATIONS 

I f  the depths to which the low waters a t  any place fall are meas- 
ured, it is found that they vary within relatively wide limits. In 
New Pork Harbor, for example, where the tide is of the semidaily 
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F I ~ U B ~  10.-Tide curves, Honolulu, Hawaii, February 2-6, 1923 
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type, that is, mornin and afternoon tides not differing much, it is 

feet from the low water of another day during the same month. 
And within a year the law waters of two different days may differ 
by more than 5 feet. 

In the harbor of Seattle, Wash., even greater differences between 
low waters occur. Here the tide is of the mixed type and there are 
several days during each month when successive low waters differ 
by as much as 8 feet. Within a year the difference in height of 
two low waters may be as much as 13 feet or even more. 

not a t  all uncommon B or the low mater of one day to differ by several 

FIGURE 11.-Tide curves, Philadelphia, Pa., February 28-March 4, 1914 

On investigation it is found that the fluctuations to which low 
water is subject are of two kinds, periodic and nonperiodic. The 
periodic fluctuations are principally those arising from periodic 
variations of the tide-producing forces, due to the changing positions 
of the moon, relative to earth and sun. The nonperioclic fluctuations 
are those arising from variations in wind and weather. 

The principal periodic fluctuations in low water were discussed 
briefly in the previous section under the topical heading of ” Varia- 
tions in Rise and Fall.” It was there shown that at the times of new 
and full moon and also at  the time of the moon’s perigee, the fall 
of the tide TTas greater than usual, while at  the times of the moon’s 
first and third quarters, and also when the moon is in apogee, the fall 



20 U. S. COAST AND GEODETIC SURVEY 

of low water is less than usual. Other periodic fluctuations of 
longer period have been found, and they will be considered later. 

As regards the nonperiodic fluctuations, arising from changes in 
wind and weather, it is clear that an offshore wind tends to  lower 
the level to which low water falls, while an onshore wind tends to 
raise the level. The effect of the wind is different at different places, 
depending on the hydrographic features of the body of water. I n  
general the effect of the wind is greater on shallow bodies of water 
than on deep bodies. 

Variations in barometric pressure likewise bring about fluctua- 
tions in the height of the mater. This follows from general consid- 
erations, for any arm of the sea may be regarded as constituting a 
huge inverted water barometer. When the atmospheric pressure over 
this arm of the sea rises, the level of the water will be lowered and 
when the pressure decreases the level of the water will rise. 

The first approximation to the theoretical relation between changes 
in barometric pressure and the resultant changes in the height of 
the water may be easily derived. The barometric pressure is meas- 
ured in inches (or millinieters) of mercury. And since mercury is 
about 13 times as heavy as sea water, it follows that a change in 
barometric pressure of 1 inch should be reflected by an inverse 
change of 13 inches in the level of the water. Approximately this 
may be stated as follows: The fluctuation in low water in feet should 
be inversely as the change in barometric pressure in inches. 

Actually, the relationship between change in low mater and change 
in barometric pressure is not so simple as derived above. Local 
hydrographic features enter into this relationship. Moreover, it is 
the variation in the barometric gradient rather than in local baro- 
metric pressure that is the controlling factor. But as an approxi- 
mate rule the above relationship may be taken to hold. 

The various fluctuations to which low water is subject may be 
most conveniently considered under the headings of daily fluctua- 
tions, monthly fluctuations, annual fluctuations, and long-period 
fluctuations. 

DAILY FLUCTUATIONS 

The daily fluctuation in low water manifests itself as a difference 
between the two low maters of the day; that is, betiyeen morning and 
afternoon low maters. For the semidaily type of tide such differ- 
ences are generally sinall; only during periods of rapid changes in 
mind and weather will these differences amouut to  more than a foot. 

The daily fluctuations of low water for a tide of the semidaily 
type are illustrated in Figure 12, which represents in graphic form 
the depths to  which the successive low waters fell during the month 
of June, 1920, a t  Port Hamilton in New York Harbor. The small 
circles give the depth of each low water below mean sea level, which 
is represented by the horizontal line. To  indicate the successive low 
waters clearly, each low water is joined by a straight line to the 
preceding and succeeding low waters. 

June is a month of relatively uniform wind and weather conditions 
along the Atlantic coast of the United States, and from Figure 12 
it appears clearly that during the month shown, morning and after- 
noon low waters generally differed but several tenths of a foot. 
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Only twice cluring the month clicl the two low 11-aters of a day differ 
by as much as a foot, and part of this difference is to be ascribed to 
changes in  meteorological conditions. I n  general the daily fluctua- 
tions of low water in  tides of the semidaily type are small, except 
as they may arise from rapid changes in meteorological conditions. 

I n  the niixecl type of tide, however, the daily fluctuations due to  
the moon's declination may be relatively very large, as was found 
in  the discussion of types of tide. I n  this connection distinction 
must be made between the different forms of the niixecl type of tide. 
The form in which the inequality is exhibited principally in the 
high waters will, with regard to the low maters, behave much as the 
semiclaily type of tide; that  is: in that form there will be but little 
daily variation between the two low waters. This is exemplified 
by the tide a t  Honolulu illustratecl in  Figure 5. 

I n  the second form of the mixed type of tide, that  in which the  
inequality is exhibited in about equal degree by both high and low 
waters, relatively large daily fluctuations of a periodic nature may 

Febt MEAN SEA LEVEL 

FIGURE 12.-Low water, Fort Hamilton, N. Y., June, 1920 

be expected. This is exemplified by the tide at  San Francisco for  
the month of June, 1920, shown in  Figure 13. The low waters in 
this figure were plotted in a similar manner to that  employed in  
Figure 12. To bring out clearly the relationship of the daily 
fluctuation of lorn water to the position of the moon, these positions 
are inclicated by symbols explained in the figure. 

On the lst,  15th, and 29th of the month the moon was alternately 
a t  its maximum south and north declinations. And Figure 13 shows 
that the tides about these dates were responding to the moon's high 
declination by exhibiting relatively large inequality, the cliff erence 
betn-een morning and afternoon low waters amounting to as much 
as 4 feet. On the 9th and 22d the moon was over the Equator and the 
tides on these and the immediately follo\ying days show but little 
inequalit.. It is of interest to note, too, that a t  certain times during 
the month, low water did not fall below mean sea level. 

A comparison of Figure 13 with Figure 12 brings out clearly the 
difference in the daily fluctuation of low water as between the semi- 
daily and the mixed types of tide. This difference becomes even 
more striking if comparison is made with the mixed type of tide a t  a 
place like Seattle where the range of tide is relatirelv large ancl 
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FIGURE l.?.--Low water, San ITrnncisco, Calif., .Tune, 1920 
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where the diurnal inequality is exhibited principally in the low 
waters. During the same month as shown in Figures 12 and 13, the 
claily fluctuation in low n-ater a t  Seattle m w  as fol lom : Starting 
with a difference of 5.3 feet in  the t i 1 7 0  low waters on the Ist, ihe 
inequality gradually decreased until the 9th. when it amounted to 
1 foot. h o r n  this date it increased to  10.3 feet on the 16th, then 
decreased to 1.1 feet on the 23d, and then again increased to 5.4 feet 
on the 30th. 

n f o N T m Y  FLUCTUATIONS 

Within a month much larger fluctuations in low mater may be 
expected than within a day. Figures 12 and 13 may be talren as 
typifying the periodic monthly fluctuation of low miter in the semi- 
claily and mixed types of tide respectively. I n  New Yorlr Harbor, 
cluring the month represented in Figure 12, the difference between 
the highest and lowest values of low mater was 1.8 feet. I n  San 
Francisco Bay during the same month this difference was 5 feet and 
a t  Seattle it was 10.5 feet. 

June being a month of relatively uniform conclitions of wind 
and weather on both the Atlantic and Pacific coasts of the United 
States, the monthly fluctuations considered above are primarily 
periodic fluctuations. Superimposecl on these periodic fluctuations 
are fluctuations arising from variations in wind and weather. Thus, 
in  New Pork  Harbor during the month of January, 1914, the dif- 
ference between the highest and loTTest values of low water was 8.1 
feet; in San Francisco Bay this difference was 5.4 feet in December, 
1923, and a t  Seat.tle it was 13.5 feet in January, 1916. 

I n  the semidaily type of tide, the periodic monthly fluctuation 
in low water is primarily that  depending on the phase or parallax 
of the moon. I n  the mixed type of tide, however, the primary 
periodic monthly fluctuation depends on the declination of the 
moon. I n  the daily type of tide the periodic iiionthl~7 fluctuation 
liken-ise depends primarily on the declination of the moon, but 
generally it is small. 

ANNUAL FLUCTUATIONS 

I f  low mater were subject only to claily and monthly fluctuations, 
i t  is clear that by averaging the varying heights of low water a t  
any given place for a period of a month, an average value of low 
water 15-ould be derived which would remain constant from month 
to month. On investigation, however, it is found that monthly 
values of low water differ, sometimes by relatively large amounts. 
I n  Figure 14 are plotted the average monthly heights of low water 
for the four-year period, 1925-1928, a t  Atlantic City, N. J.: and 
Seattle, Wash. 

I n  Figure 14 the small solid circles gii-e the relatire hei,qhts of 
the monthly low waters, the upper diagram being for Atlantic City 
and the lon-er for Seattle. The  change from month to month is 
seen to  vary from less than a tenth of a foot to  more than three- 
quarters of a foot. At first glance the fluctuation from month to 
month appears to be haphazard, being sometimes higher and sonie- 
times lower. But on more careful examination: a large element of 
periodicity appears. A t  Atlantic City low water is seen to  be low 
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in the winter months and high in the summer and fall months. At 
Seattle, on the other hand, low water is seen to be high in the winter 
months and low in the summer months. 

Detailed investigation of the matter brings to light the fact that 
the fluctuation of low water from month to month at any place is 
in part periodic and in part nonperiodic, the periodic part being pri- 
marily of a seasonal character; that is, having a period of a year. 

Feet 
1.5 
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0.5 

1927 

7 Atlantic City 

1928 m 

FIGURE 14.-AIonthly low water, Atlantic City,  PI’. J. and Seattle, Wash., 1925-1928 

The nonperiodic part arises as a result of differences in IT-ind and 
weather for corresponding months of different years. 

To derive the periodic annual variation in low water at any place 
we need only arerage, over a number of years, the heights of low 
water for corresponding months. In this wa the nonperiodic fluc- 
tuations will be very largely eliminated. Jbviously , the greater 
number of years of observations used, the more nearly are the non- 
periodic fluctuations eliminated. But even t,hree or four years are 
sufficient to bring out the characteristic features of the aiinual fluctu- 
ation of lov water at any given place. 
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I n  Figure 15 are shown the curves of annual variation in low 
mater at three stations, "one each on the Atlantic, Gulf,' and Pacific 
coasts of the United States, each curve being based on a number of 
years of observations. The annual variation is seen to be different 
at each of these stations. Indeed, observations made at different 
places bring out the fact that at any given place the curve of annual 
variation in low water is distinguished by characteristic features. 
It is to  be noted, however, that for any given body of water, or 
portion of such body, over which climatic and meteorologic condi- 
tions do not differ much, the annual variation in low water likewise 
does not differ much. 

I n  connection with the fluctuations of low water, distinction must 
be made between those due to the tide and those due to  other causes, 

variation in low water, Fort Hamilton, N. Y., Galveston, 
Tex., and Seattle, Wash. 

n-hich have been grou ed under the general nanie of wind and 
weather. To distinguis! these two classes of fluctuations, it is most 
conrenient to regard the nontidal fluctuations in low water as arising 
from fluctuations in sea level. This makes it a simple matter to 
separate the two kinds of fluctuations. Fo r  it is clear that if we 
arerage the varying height of the surface of the sea over a day, the 
tidal fluctuation for that day is very largely eliminated. I n  this 
way fluctuations in sea level as between two days or longer periods 
are derived. 

The periodic fluctuatidns in low water which were discussed under 
the headings of daily and monthly fluctuations are brought about 
by tidal causes, but the annual variation is brought about primarily 
by an annual variation in sea level. This becomes evident by com- 
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paring the iiionthly heights of sea level with the corresponding 
monthly heights of low mater. I n  Figure 16 the monthly heights 
of sea level as derived from a number of years of observations a t  
Fo r t  Hamilton, N. Y., Galveston, Tes., and Seattle, Wash., are 
shown. Comparing these cliagraiiis with the corresponding clia- 
grams of Figure 15 brings out clearly the fact that the annual 
variation in low water a t  any place follows the annual variation in 
sea level a t  that place closely. 

Jan Feb Mar  Apr May June July Aug Sepf Oct NOY Dec 
I I I I I I I I I 1 

LONG-PERIOD FLUCTUATIONS 

I f  the varying heights of low water a t  any place are averaged 
over the period of a year the annual fluctuation will be eliminated. 
I f ,  therefore, there were no fluctuations in low water other than the 
daily, monthly, and annual fluctuations which have been discussed, 
yearly heights of low water a t  any place mould remain constant. 
I n  Figure 17 the yearly heights of low water are plottecl for a 
number of years, for  three stations, one each on the Atlantic, Gulf, 
and Pacific coasts of the United States. 

That  differences in the height of low water from one year to 
another occur is clear a t  a glance of Figure 17. It is equally clear, 
however, that  these differences are much smaller than the differences 
in  lorn water from month to  month represented in Figure 14. From 
month to  month changes of half a foot or'more are not a t  all un- 
common. But  from year to  year the changes are generally but one 
or two tenths of a foot and only rarely do they exceed a quarter of 
a foot. 
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An inspection of Figure 17 fails to disclose any very clear evi- 
dences of periodicity in the fluctuations of low water from year to 
year. In this connection, however, it is to be remembered that in the 
change of low water from year to year two different kinds of 
fluctuations may be present. I n  the first place, there may be long- 
period fluctuations due to purely tidal causes. In the second place: 
there may be fluctuations due to changes in  sea level. Because of 
the mobility of its waters, the sea responds to  all forces that tend to  
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FIGURE l?.-YcarIy low water, Fort Hamilton, N. Y., Galveston, Tex., and Seattle, Wash. 

disturb it. Hence long-period fluctuations in sea level may arise 
from long-period fluctuations in such agencies as wind and weather. 

Since changes i n  sea level are reflected by corresponding changes 
in low water: we may eliminate from the fluctuations in low water 
shown in  Figure 17 the fluctuations due to changes in sea level. 
This is easily clone by subtracting the heights of low water for each 
year from the corresponding yearly heights of sea level. This d l  
give the fall of low water below sea level due to tidal causes alone. 
In Figure 18 is shown the fall of low water belom sea level for each 
of the three stations represented in Figure 17. 

The open circles of the diagrams in Figure 15 represent the 
yearly heights of low m-ater below yearly sea level a t  each of the 
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three stations, the scale of heights being indicated by the scale to  
the left. The horizontal line associated with each of the diagrams 
represents the average fall of low water below sea level derived 
from the series of observations a t  each station. This average fall in  
feet is indicated for  each station. Thus at For t  Hamilton the 
average fall of low water below sea level, as derived from the obser- 
vations from 1893 to 1928, inclusive, is 2.40 feet. A t  Galveston 
the average fall is 0.51 foot and a t  Seattle it is 3.82 feet. 
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FIGURE 1s.-Yearly low wntFl; below sea  level, Fort Hamilton, N. Y., Galveston, 
l ex . ,  and Seatt le,  Wash. 

While the yearly heights of low water as shown in Figure 17 gave 
no clear evidence of the existence of periodicity in  the fluctuation of 
low water from year to year, the evidence in Figure 18 is positive. 
A fluctuation with a period of about 19 pears is clearly indicated, 
and from the theory of tides such a fluctuation is to be expected. 
The inclination of the lunar orbit to the plane of the Equator varies 
within a period of 18.6 years and this is reflected in  a variation in  
the fall of low water below sea level. 

The periodic variation in the inclination of the lunar orbit' has 
different effects on the daily and semidaily constituents of the tide. 
When this inclination is greatest the daily constituent of the tide 
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has its maximum rise and fall, while the semidaily has its minimum. 
Similarly, when the inclination is least the semidaily constituent 
has its maximum rise and fall and the daily its minimum. This 
explains why in Figure 18 the curve of fluctuation in yearly low 
water below sea level for Fort Hamilton is opposite in phase to 
that for Seattle. 

It now remains to consider whether there are any long-period 
fiuctuations in low water which arise from fluctuations in sea level. 
This resolves itself into the consideration of the question of the 

FIGLJRS 19.-Ye~rly sea level, Fort EIamilton, N. Y., Galveston, Tex., and Seattle, 
Wash. 

long-period fluctuations in sea level. I n  Figure 19 the yearly heights 
of sea level for Fort Hamilton, Galveston, and Seattle are shown. 
The open circles in the figure give the yearly heights of sea level, 
while the horizontal line associated with each diagram represents 
the average or mean sea level for each station derived from the 
series of observations. 

Each of the three diagrams of Figure 19 gives evidence of a 
fluctuation in sea level with a period of something like eight or 
nine years. Whether these are true periodic fluctuations or not is 
at  the present time not known. Nor is it known to what agencies 
such periodic fluctuations are due. I n  general, fluctuations in sea 
level from year to year are ascribed to the effects of wind and 
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weather. I n  the present instance it is sufficient to note that in addi- 
tion to long-period fluctuations in low water due to tidal causes there 
are evidences also of long-period fluctuations arising from fluctua- 
tions in sea level. 

PRINCIPAL CHART DATUMS 

VARIETY OF LOW-WATER DATUMS 

The existence of periodic fluctuations of various kinds in the fall 
of low water makes possible the choice of a great variety of low- 
water datums a t  any given place. Thus we may take the datum 
determined by the average value of low water at that place, or the 
datum of mean low water. Or we may use the average of only the 
lower low waters; that is, the datum of lower low water. Other 
low-water datums may be defined by averaging the Ion- waters 
that occur a t  specified times, as, for example, at spring, neap, 
perigean, apogean, or tropic tides. The list can be further extended 
by datums defined by such combinations as perigean spring low 
water, or tropic perigean lower low water, etc. 

For the practical purposes of datum planes for nautical charts, 
however, it has been found unnecessary to make use of more than 
half a dozen different datums. The more important that have been 
EO used are mean low water, lower low water, spring low water, 
monthly lowest low v-ater, and the so-called harmonic tide plane. 
Before discussing these in detail it mill be of advantage to take 
up a t  this point the considerations that govern the choice of a 
datum. 

CONSIDERATIONS GOVERNING CHOICE OF DATUM 

There are four chief considerations that must be taken into ac- 
count in choosing the datum for the chart of a given region. These 
are : (1) that the depths shown will be the least depths that nor- 
mally prevail ; (2) that the datum represent some natural and easily 
understood phase of the tide ; (3) that it admit of easy and accurate 
determination; and (4) that it make necessary the use of only small 
negative corrections for the rise and fall of t,he tide, and only rela- 
tively few of these in number. The most suitable datum for any 
given region is that which most satisfactorily fulfills the above four 
conditions. 

I n  the consideration of the relative merits of hi h-water, sea-level, 

of low-water datums lay in the fact that such datums gave a t  a 
glance the approximate least depths throughout the region covered. 
It might, therefore, appear that the datum of lowest low water 
would be the most suitable datum for chart use since the charted 
depths would then show the least depths that might be found a t  
any time. However, several objections to such a datum may be 
urged. 

I n  the first place, what precisely is lowest low water and how 
can it be determined practically? For it is to be kept in mind 
that in the hydrogra hic survey of any given localit a tide gauge 

erally not exceeding several months. And the lowest low water 

and low-water datums for chart use, it was found t a at  the superiority 

is kept in operation ! or but a relatively short perio8of time, gen- 
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occurring during this perioa of observation, which almost without 
exception corresponds with the period of least variable weather 
conditions, may be several feet higher than the lowest low water 
during an exceptionally severe storm. The very term " lowest low 
water " is so vague and indefinite as to preclude its use as a hydro- 
graphic datum plane if  any pretence to precision is to' be made. 

But even if it were possible from a relatively short period of 
observation to determine with precision the lowest low water that 
may occur in a given locality, are there not serious disadvantages 
in the use of a datum which makes the depths shown on the chart 
such as occur only at  very rare intervals during the periods of 
exceptional storms? At  the present time, with the draft of vessels 
approximating the normal low water depths in the channels of many 
of the most important harbors, the datum' of lowest lorn water would 
make the depths shown on the chart so shallow as to give a totally 
false idea of the navigability of these channels. 

There is still another objection to the adoption of an extremely 
low low-water datum. Banks and rocks, which at normal lorn water 
are very nearly uncovered, will be shown as visible on charts making 
use of an extremely low low-water datum. Being shown as visible 
on the chart, the navigator would attempt to use them as aids in 
navigation with the resulting danger of very serious mistakes. It is 
clear theref ore that the most suitable datum is not that defining the 
lowest low water, but one that will show the least depths that ordi- 
narily occur. 

The second condition to be fulfilled by a satisfactory datum plane, 
that the datum represent some natural and easily Understood phase 
of the tide, requires little discussion. The tide is the principal cause 
of the continually changing depth of water. It is, however, a corn- 
plex subject and the mariner's purposes are fully served by an ac- 
quaintance with the general features of the tide. Hence the impor- 
tance of using a datum based on an easily understood phase of the 
tide. 

The third condition, namely, that the datum admit of easy and 
accurate determination, is almost axiomatic. For the immediate 
purposes of navigation, to be sure, great accuracy in the determina- 
tion of datum planes may appear unnecessary, since the depths on a 
chart are generally given only to whole feet. But accurate datum 
planes permit the determination of any changes in depth that are 
taking place in a given region. Such changes are generally slow, 
but clearly of great imporkance. And only accurate determinations 
of datum planes permit definite conclusions where such changes are 
slow. 

The fourth condition to be fulfilled by a suitable datum, that it 
make necessary the use of only small negative corrections for the 
rise and fall of the tide, and only relatively few of these in number, 
is so nearly self-evident as to require but little discussion. I n  gen- 
eral, negative heights in tide tables are troublesome both in the 
preparation of the tide tables and in their use by the mariner. But 
if these negative heights are small they may, as a rule, be disre- 
garded by the mariner; for he realizes that since it is impossible 
to make advance predictions of the weather in connection with the 
prediction of the tide as given in the tide tables, the predicted heights 
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are to be regarded as approximations to the heights which will actu- 
ally occur, because of the disturbing effects of wind and weather. 

The principal chart datums may now be considered in the light 
of the conditions to be fulfilled by satisfactory datum planes. 

MEAN LOW WATER 

The datum of mean low water at any place is defined by the aver- 
age or mean height of low water at  that place. I n  other words, it is 
the average height of all the low waters at that place over a consid- 
erable period of time. From its definition it is clear that it is the 
simplest low-water datum and the one most readily derived. 

The plane of mean low water also possesses the advantage that 
from a given series of tide.observations it can be determined with a 
greater degree of precision than any other of the low-water datums. 
For the best determined mean values will be for  those phases of the 
tide for which the greatest number of observations are at  hand. And 
since mean low water is the average of all the low waters, a greater 
number of observed values will be at  hand for determining this 
datum than any datum defined by certain selected low waters. 

The advantages possessed by the plane of mean low water clearly 
makes it the datum to be used wherever it is applicable. I n  regions 
where the fluctuations in low water are relatively small this datum 
isga most satisfactory one for use on charts. It is, therefore, adapted 
to the semidaily tide except in regions where very large tides obtain. 
It is also suitable for that form of the mixed type of tide in which 
the inequality is exhibited principally in the high waters. The 
Coast and Geodetic Survey makes use of the datum of mean low 
water for its charts covering the Atlantic coast of the United States. 

I n  regions with large range of tide of the semidaily type the datum 
of mean low water may give relatively large negative corrections for 
the tide. In such cases it is possible to retain all  the advantages 
inherent in the plane of mean low water by choosing as the chart 
datum a plane one or more feet below mean low water. 

LOWER LOW WATER 

I n  contradistinction to the datum of mean low water, the datum 
of lower low water is determined by the mean value of the lower low 
waters alone. From any given series of tide observations, therefore, 
there will be half as many observed lower low waters for the deter- 
mination of this datum as for  the determination of the datum of 
mean low water. I n  regard to ease as well as accuracy of deter- 
mination the datum of lower low water ranks immediately below 
mean low water but ahead of the other low-water datums. 

From its name it is clear that the datum of lower low water is the 
most suitable one for that form of the mixed type of tide in which 
the diurnal quality is featured b This datum is 
used on the Coast and Geodetic B urvey charts covering the Pacific 
coast of the United States. It is also suitable for regions in which 
the tide frequently becomes of the daily type; for when a high water 
and a low water merge to give rise to a daily tide, it is clear that 
the single low water of the day is the lower low water. 

the low maters. 
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SPRING LOW WATER 

The datum of spring low water, or mean low water springs as i t  
is sometimes called, is defined as the average value of the low waters 
that occur a t  spring tides, that is the large tides following new and 
full moon. Since these occur fortnightly, it is clear that a relatively 
long series of observations is required to determine this datum with 
any degree of precision. 

The datum of spring low water has been used in various countries, 
especially for  tides of the semidaily type which have a large range 
of tide and which are characterized by large monthly fluctuations de- 
pending on the phase of the moon. Because of the relatively long 
series of observations necessary for an accurate determination of 
the plane, it has not been, as a rule, as well determined as is now de- 
sirable. This makes it difficult to correlate charts of contiguous areas 
using this datum, unless the relations of the datums to mean sea 
level are expressly stated. 

MONTHLY LOWEST LOW WATER 

The datum of monthly lowest low water is defined by the average 
value of the lowest of the monthly low waters; that is, if from a 
given series of tide observations the lowest tide of each month is 
picked out and the average value of these lowest tides determined, 
the result will be the datum of monthly lowest low water. 

The datum of monthly lowest low water has not been used very 
much. It is clearly a datum lower than the three datums previously 
discussed, but it can not be as accurately determined from a given 
series of observations. It is, however, especially suitable for use in 
regions characterized by small range of tide subject to considerable 
irregularity in rise and fall because of variable wind and weather 
conditions. 

THE HARMONIC TIDE PLANE 

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

For the purposes of the tidal mathematician, the harmonic anal- 
ysis provides the most satisfactory and the most powerful method 
for the analysis and prediction of tides. Harmonic analysis, how- 
ever, is a highly specialized mathematical process and necessitates a 
very considerable amount of time-consuming computations. More- 
over, datums defined by harmonic constants are not nearly so well 
understood by the mariner and hydrographic surveyor as are da- 
tums based on easily observed phases of the tide. 
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I n  this connection, too, it is to be observed that from a given series 
of tide observations, the precision with which a datum plane can 
be determined is the same whether derived from an harmonic anal- 
ysis or from a low water tabulation. It is, however, a much simpler 
matter to tabulate tide observations with regard to  some low water 
phase than to subject them to an harmonic analysis. As a rule, 
therefore, a chart datum based on some observed phase of the tide 
is to  be preferred to a datum defined by harmonic constants. 

DETERMINATION OF DATUM PLANES 

PRINCIPLES INVOLVED 

The accurate determination of datum planes is a problem that falls 
within the province of the subject of tides. For the details of 
methods employed in the determination of datum planes, reference 
must be made to manuals dealing with this phase of the subject of 
tides.= Here it is necessary to consider only the principles involved 
in the determination of datum planes. 

I n  the section devoted to the fluctations of low water, it was 
found that the fall of low water was subject to fluctations both 
periodic and nonperiodic in character. The periodic fluctations have 
periods varying in length from a fortnight to approximately 19 
years. The nonperiodic fluctations, arising from variations in wind 
and weather, may be assumed to balance out in a period of 19 years. 
Hence, a period of 19 years is taken to give a primary determination 
of a tidal datum plane. That is, if nothing occurred over a period 
of years to change the datum planes at any given place, we should 
expect two 19-year series to give determinations differing perhaps 
by not more than a hundredth of a foot. 

For chart purposes it is clearly impractical to make primary deter- 
minations of datum planes. I n  connection with other tidal work 
methods have been developed by means of which su5ciently accurate 
determinations may be derived from short series of observations. 
By means of these methods the results derived from a short series 
of observations are reduced to mean values. 

I n  reducing the results from a short series of tide observations 
to mean values, advantage is taken of the fact that the fluctuations 
in low water are much the same over relatively large areas subject 
to like climatic and meteorologic conditions. By comparing the 
results of a short series of observations with simultaneous observa- 
tions at  a station where a long series of observations is at  hand, 
corrections ma be derived both for the periodic and nonperiodic 
fluctuations. is in large part for this urpose that the Coast and 

carefully selected places along the Atlantic, Gulf, and Pacific coasts 
of the United States. At these primary tide stations, which are 
functioning continuously, a number of years of observations are at 
hand and these are used to  reduce to  mean values the results derived 
from short series of observations. 

Geocletic Survey maintains a number o f primary tide stations at  

1 See, for example, Tidal Datum Pianes, U. e. d o a d  and Oeodetic Survey Special Publi- 
cation No. 135. 
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ACCURACY OF SECONDARY DETERMINATIONS 

Since a primary determination of a datum plane has been defined 
as that derived directly from a 19-year series of tide observations, 
datum planes determined from shorter series of observations may 
be designated as secondary determinations. The precision with 
which a secondary determination may be derived depends both on 
the length of the series and on the suitability of the primary station 
chosen for correcting the results to mean values. 

I n  regard to  this latter factor, it is to be observed that as a rule 
the nearer the primary and secondary stations are to each other the 
better. But it is not nearness of itself that is important, but the 
closeness with which the low water fluctuations at  the primary station 
approximate those at the secondary station. It may well happen, 
therefore, that a more distant primary station is more suitable than 
a nearer one. 

Mean ZOW water.-From any given series of observations the datum 
of mean low mater can be determined with greater precision than 
any other of the lom-water datums since all the low waters are used 
in determining mean low mater. The accuracy with which mean low 
water may be derived from series of various lengths is best exempli- 
fied by illustrative examples. 

The shortest series of tide observations that may be used to derive 
mean low mater with any pretense at precision is one day. In the 
case of such a short series it is important to  choose a day of calm 
weather and to use a fairly close primary station for correction to  
mean values. To illustrate the accuracy with which mean low 
water may be derived from one day of observations, we may use the 
tides observed at  Atlantic City during the first 10 days of May, 1919. 
As primary station for correcting the results of these observations 
to mean values, Fort  Hamilton, at the entrance to New York Harbor, 
will be used. Fort Hamilton is about 100 miles distant from Atlantic 
City. The latter fronts directly on the open sea, while Fort  Hamilton 
lies within a protected waterway which may be considered as a con- 
tinuation of the Hudson River. 

I n  Table 1, columns 2 and 3 give the tide data for Fort  Hamilton 
and columns 7 and 8 the corresponding data at Atlantic City for the 
clays in question. Columns 4 and 9 give, respectively, the fall of 
low water below sea level at  each place, the value for each being 
clearly the corresponding daily values of low water on staff sub- 
tracted from the value of sea level on staff. These six columns of 
figures constitute the observed data. 

The first correction necessary is that for the variation in sea level 
from day to day. From a long series of observations at For t  Hamil- 
ton the value of mean sea level on the staff at  that place is 6.00 feet. 
The difference therefore between the value of sea level on each of the 
days in Table 1 and 6.00 feet gives the correction necessary to reduce 
the daily value of sea level to mean sea level, this correction being 
shown in column 5 and the corrected values of sea level at  Atlantic 
City, or mean sea level at that place from each day of observation, in 
column 10. 

The second correction necessary is for the periodic fluctuations in 
low water. This is determined by deriving the factor necessary to 
correct the daily fall of low water below sea level to a mean value. 
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A t  Fort  Hamilton a long series of observations gives the value of 
mean low water on the staff as 3.59 feet; hence the fall of mean low 
water below mean sea level at Fort Hamilton is 6.00-3.59=2.41 feet. 
The factor to correct the daily fall of low water to mean value is 
therefore given by dividing the figures in column 4 into 2.41, these 
factors being given in column 6. 

Now by multiplying the daily fall of low water below sea level 
a t  Atlantic City by the corresponding factors given in column 6, 
the corrected or mean fall of low water is derived, the results being 
shown in column 11. Mean, low water on staff at  Atlantic Cit for 

water from the corrected sea level, the values being given in column 
12. 

I t  should be noted that for the 10 days of May, 1919, of Table 1, 
the daily low water at Atlantic City varied from a minimum value 
of 3.70 on the 3d to a maximum value of 6.15 feet on the loth, a 
difference of approximately 2l/, feet. I n  other words, had the low- 
water datums' been taken directly as derived from each of these two 
days, a difference of 2y2 feet mould have resulted. However, after 
correction to mean values the difference between the datums derived 
from each of these days of observations is less than a quarter of a 
foot. , 

From a long series of observations at Atlantic City, the value of 
mean low water at  this place has been determined as 4.51 feet on 
the tide staff. For the first five days therefore, low water at Atlantic 
City, as shown in column 7, was below mean low water, while for 
the following five days it was above mean low water. It is of interest 
to note that the derived values of mean low water from each of the 
10 days of observations are closer to the well-determined value of 
4.51 than the uncorrected values. I n  every case the correctkd values 
are within half a foot of the best determine6 value. It may, there- 
fore, be taken in general that from one day of tide observations the 
datum of mean low water can be derived correct to within half a 
foot, when corrected by simultaneous observations at a suitable 
primary station. 

each day is now derived by subtracting the corrected fall o f9 low 

T A B L ~  1.-Mean. low water frrnn on0 dag of obwrvatiow 

Comet- 
tion to 
;ealevel 

(5) 

Feet 
-0.37 

-.34 
+.lo 

.oo 
+.22 
+.04 
-.23 
-.05 
-.47 

-1.42 

Fort Hamilton N. Y. MLW=3.59 
dSL=6.lM 

Factor 
for fall 

$2: 
(6) 

-~ 
0.705 
.755 
.831 
.a93 
.9sz 

1.090 
1.187 
1.121 
1.137 
1.362 

LOW 
water 
on s t d  

(2) 

Feet 
- 

2.95 
3.15 
3. 00 
3.30 
3.35 
3.75 
4.20 
3.90 
4.35 
5.65 
- 

Feet 
4.00 
3.85 
3.70 
4.00 
1.05 
4.75 
5.00 
4.75 
6.40 
6.15 

- 

Sea 
vel 01 
st& 

(3) 

Feet 
- 

6.37 
6.34 
5.90 
6.00 
5.78 
5.96 
6.23 
6.05 
6.47 
7.42 
- 

Feet Feet 
6.98 2.98 
6.68 2.93 
6.30 2.60 
6.20 2.20 
5.99 1.94 
6.60 1.85 
6.67 1.67 
6.48 1.73 
7.00 1.60 
7.99 1.84 

Low 
water 
below 
%lev0 

(4) 

Feet 
3.42 
3.19 
2.90 
2.70 
2.43 
2.21 
2.03 
2.15 
2.12 
1.77 
- 

Atlantic City, N. J. 

I I 
- 

Cor- 
wted 
!a leve 

(10) 

Feet 
6.61 
6.34 
6.40 
6.20 
6.21 
6.64 
6.41 
6.43 
6.53 
6.57 

__ 

Cor- 
wted 
rail of 
low 

water 

(11) 

Fret 
2.10 
2.14 
2.16 
1.96 
1.92 
2.02 
1.98 
1.94 
1.82 
2.61 
- 

Mean 
low 

water 

(12) 

Feet 
4.51 
4.20 
4.24 
4.24 
4.29 
4.62 
4.46 
4.49 
4.71 
?*E -. - 
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To exemplify the accuracy with which the datum of niean low 

water may be determined from one week of observations, the observa- 
tions a t  Los Angeles Harbor, Calif., for the month of April, 1927, 
may be used. As primary tide station for correcting these observa- 
tions to mean value, San  Diego, Calif., is suitable. The distance 
between the two places is about 100 miles. 

I n  passing, it may be noted that  the figures in  Table 1 exemplify 
to a limited extent the accuracy with which mean low mater can be 
derived from a week of observations. Thus, from column 7 it is 
found that the first seven days give low water on staff a t  Atlantic 
City as 4.19 feet, while the last seven days give it as 4.87 feet. From 
the last column of the same table mean low water from the first 
seven days is derived as 4.37 feet and from the last seven days as 
4.41 feet. From a long series of observations mean low water was 
determined as 4.51 feet. Hence each of the two weeks of observations 
gives a direct value of low water which differs from the best deter- 
mined mean low water by 0.32 and 0.36 feet, while the corrected 
values differ from the best determined mean low water by 0.14 and 
0.10 feet, respectively. From each of these weeks of observations, 
therefore, mean low water is derived correct to within about a quarter 
of a foot. 

I n  Table 2 are given the data for  deriving mean low water from a 
week of observations a t  Los Angeles Harbor for the first four weeks 
of April, 1927, San Diego being used as primary station. The data 
are arranged in  a manner similar to that in  Table 1, explained above. 
Column 7 gives the value of low water for each meek a t  Los angeles 
Harbor derived directly from the observations while column 12 gives 
the value of mean low water derived after correction by coniparison 
with San  Diego. 

TABLE 2.--illean loz(; water  from one week of obsercationa 

1927 

(1) 

Apr. 1-7--- 
Apr. S-14.- 
Apr. 15-21- 
Apr. 22-28- 

Sen Diego, Calif. MLW=4.62: 
MSL= 6.54 

I- 

Feet Feet Feet Feet 
3.61 6.17 2.53 $0.37 0.759 
4.45 6.34 1.69 +.20 1.016 
4.21 6.26 2.06 +.28 ,937 
4.56 6.39 1.84 +. 15 1.043 

I 

Los Angeles, Calif. 

Cor- 
Low Sea Cor- rected 

water levelon rected fallof 
on staff staff sea level low sea level water 

I I I  I 

__ 

Mean 
low 

water 

(12) 

Feet 
- 

4.66 
4.57 
4.69 
4.64 

An inspection of column 7 of Table 2 shows that the direct values 
of low water for the first and last weelis differ by 0.81 foot, while 
the corresponding values after correction, as shown in  column 12, 
differ by 0.02 foot. Furthermore, the maximum difference between 
the corrected values for the four weeks is but 0.12 foot. From a series 
of observations covering several years, mean low water a t  Los Angeles 
Harbor has been determined as 4.63 feet on the staff of that  place. 
Hence the values of mean low water from each of the four weeks 
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1919 

(1) 

is correct to  within one-tenth of a foot. In general, it may there- 
fore be taken that from a week of observations, when corrected by 
simultaneous observations at  a suitable primary station, mean low 
water can be derived correct to within a quarter of a foot. 

From the last column in  Table 2 the average value of mean low 
mater as derived from the four weeks of observations is 4.64 feet, 
which compares with the best determined value of 4.63 feet. From 
that  particular month of observations a t  Los Angeles, therefore, 
mean low water is derived very close to its best determined value. 
Further  illustrative examples covering a number of individual 
months mill be of advantage and for this purpose we may take 
the tide observations at  Atlantic City for the year 1919 and derive 
mean low mater for each of the months of that  year, using For t  
Hamilton, as before, for correcting to mean values. The data are 
given in  Table 3, the arrangement of the table being analagous to  
that  of Tables 1 and 2. 

TABLE 3.-bican low water from one month of observations 

- 

Low 
water 

onstaff 

(2) 

Fort Hamilton, N. Y. MLW=3.59: 
MSL=6.00 I 

:lcr 
below 
:ea level 

(9) 

Cor- 
rected 

'ea leve 

(10) 

January..-- 
February ... 
Marrh ..... 
April .._._.. 
May ...--.- 
June. - ._.__ 
Jiily _ _ _ _ _ _ _ _  
August..--- 
September.. 
October ...- 
November-. 
December. - 

Sea 
eve1 01 
staff 

(3) 

Feet 
3.33 
3.43 
3.58 
3.62 
3.91 
3.97 
3.83 
4.10 
3.96 
4.05 
4.02 
3.47 

Feet 
,. 72 
5.88 
6.04 
6.10 
6.43 
6.41 
6.2R 
6. h3 
6. 37 
6. 45 
6.49 
5.93 

Feet 
+0.28 
+.12 
-.04 
-.IO 
- .43 
-.41 
-.28 
-.53 
- .37 
- .45 
-.49 
+.07 

- 
Low 
water 
below 
sm 

level 

(4) 

1.008 
,984 
,980 
,972 
,964 
,988 
,954 
,992 

1.000 
1.004 
,976 
,990 

Feet 
2.39 
2.45 
2.46 
2.48 
2.50 
2.44 
2.45 
2.43 
2.41 
2.40 
2.47 
2.46 

Feel 
2.00 
2.03 
2.10 
2.09 
2.08 
2.09 
2.09 
2.10 
2.03 
2.08 
2.08 
2.07 

Feet 
6.47 
6.65 
6.54 
6.46 
6.45 
6.53 
0.50 
6.53 
6.50 
6.57 
6.53 
6.64 

Low 
mater 
nstafl 

(7) 

Feet 
4.19 
4.50 
4.48 
4.47 
4.80 
4.85 
4. 69 
4.96 
4.84 
4.94 
4.96 
4.50 

Atlantic City, N. J. 

Sea 
:vel 01 
staff 

(8) 

Feet 
6. 19 
6.53 
6. 58 
6.56 
6.88 
6.94 
6.78 
7.06 
6. 87 
7.02 
7.04 
6.57 

Cor- 
.ected 
tall of 
low 

water 

(1 1) 

Feet 
2.02 
2.00 
2.06 
2.03 
2.01 
2.06 
2.06 
2.08 
2.03 
2.09 
2.03 
2.03 

~ 

Mean 
low 

water 

(12) 

Feet 
4.45 
4.65 
4.48 
4.4:! 
4.44 
4.47 
4.44 
4.45 
4.47 
4.48 
4.52 
4.61 

__ 

The direct values of low \ n t e r  from a month of observations at  
Atlantic City during the year 1919 are seen to vary from 4.19 feet 
in  Jaiiiiary to 4.96 feet in Xovember, a difference of 0.77 foot. When 
corrected by comparison with the simultaneous observations at  For t  
Hamilton the values of mean low water for these two months differ 
by 0.0'7 foot. 

The best cletermincd d u e  of mean low water a t  Atlantic City is 
4.51 feet. With the exception of the value for February the figures 
i n  the last column of Figure 3 show differences from the best deter- 
mined d u e  of not orer one-tenth of a foot. For February tlie differ- 
ence is 0.14 foot. But on the Atlantic coast of the United States 
February is a month of relatirely severe weather conditions, so that 
the greater difference for  this month may reasonably be ascribed to  
that fact. I n  general. it may be taken that from a month of tide 
obserrations mean  low water may be obtained correct to within a 
tenth of a foot. 7 
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The value of mean low water from the observations for  the year 
1919 a t  Atlantic City, derived by averaging the values in the last 
column of Table 3, is 4.49 feet, which differs by 0.02 foot from the 
best determined value. T o  further exemplify the accuracy with 
which mean low water may be derived from a year of observations, 
we may take the observations a t  Boston, Mass.? for the 8-year period 
1922 t o  1929. As primary station for  correcting these observations 
to  mean values, Portland, Me., will be used. The distance between 
the two places is 100 miles. I n  Table 4 are given the data and the 
results derived. 

TABLE 4.-Meart low water from one Uear of ob8ervations 

I 
Portland, Me.  MLW=8.62: 

MSL=13.09 I Boston, Mass. 

I I 

Feet Feet Feet 
8.43 13.02 4.59 
8.49 13.07 4.58 
8.50 13.08 4.58 
8.47 13.00 4.53 
8. 26 12.98 4.52 
8.62 13.10 4.48 
8.59 13.02 4.43 
8.62 13.00 4.38 

I I I .  I I 

(5) 

Feet 
+0.07 0.974 
+.02 ,976 
+.01 .976 
+.09 ,987 
+.11 .989 
-.01 ,988 
C .07  1.009 
f . 09  1.021 

(6) I (7) I (8) 1 (9) I (10) 

Cor- 
rected 
fall of 
low 

water 

(11) 

Feet 
4.84 
4.85 
4.84 
4.86 
4.83 
4.86 
4.86 
4.86 

Mean 
low 

water 

(12) 

Feet 
3.32 
3.25 
3.27 
3.26 
3.34 
3.30 
3.28 
3.32 
- 

For  the eight years given in Table 4, the yearly values of low 
water a t  Boston, as derived directly from the observations, varied 
from a minimum of 3.11 feet t o  a maximum of 3.33 feet, or  a 
difference of 0.22 foot. After correcting to mean values by com- 
parison with simultaneous observations a t  Portland, the greatest 
difference between the yearly values of mean low water was 0.09 
root. The average of the eight yearly values of mean low water 
a t  Boston is 3.29 feet, and this may be accepted as a well determined 
value of the datum of mean low water a t  that, place. Each of the 
yearly determinations of mean low water is 'therefore within 0.05 
foot of the well-determined value. I n  general it may be taken that 
a year of observations will gire  the datum of mean low water 
correct to within half a tenth of a foot, if observations at  a suitable 
primary station Zre a t  haxFoFGeauc ing  to  mean values. 

The  eight years of observations listed in Table 4 permit grouping 
into two 4-year series. The first four years give the direct value 
of  low water as 3.12 feet and the second group @res 3.26 feet. 
These values compare with the well-determined value of mean low 
water of 3.29 feet and show that  even so long a series as four years 
is not sufficient to give a direct determination of mean low water. 

From the last column of Table 4: the ralue of mean low water 
from the first $-year series is 3.28 feet: while from the second 
4-year series, it is 3.31 feet. These values differ from the best 
determined value of mean low mater by only 0.01 and 0.02 foot 
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respectively. By  comparison with a properly situated primary sta- 
tion, therefore, the datum of mean low water may be derived cor- 
rect to  within several hundredths of a foot from a 4-year series. 

I n  the discussion of the determination of the datum of mean low 
water from series of various lengths, it has been tacitly assumed 
that  no changes in the datum had taken place. Where such changes 
occur, it is clear that a series of observations prior to the change 
will give a different datum from a series of observations made af ter  
the change has taken place. This question of change of datum is 
of importance and mill be considered in greater detail later. 
Lowe?, low water.-Like the mean low water, a primary detemina-  

tion of the datum of lower low water may be derived directly by 
averaging all the lower low waters from a series of observations 
19 years in length. Secondary determinations, derived from shorter 
series of observations, necessitate the correction to mean values by 
comparison with simultaneous observations a t  some suitable primary 
station. 

The computations required in  deriving a secondary determination 
of lower low water are somewhat more complicated than is the case 
with mean low water.2 The accuracy of such determinations may 
be briefly summarized as follows : When compared with observations 
a t  a suitable primary station, the datum of lower low water may 
be derived correct within a foot from one day of observation, within 
half a foot from a week of observations, within a quarter of a foot 
from a month of observations, within a tenth of a foot from a year 
of observations and within half a tenth of a foot from four years 
of observations. I n  general, therefore, the accuracy with which the 
datum of lower low water can be derived from a series of equal 
length is about half that of the datum of mean low water. 

O t h n  clatwns.-To derive datums like spring low water, monthly 
lowest low water or the harmonic tide plane with any degree of pre- 
cision I-equires relatively long series of observations. From a series 
of given length these planes can not be determined with anything 
like the precision of mean low mater and lower low water. More- 
over, the computations to  reduce the results from short series of ob- 
servat.ions to mean values are quite involved. As a rule there is no 
attempt to determine such datums with great precision, reliance be- 
ing  placed on the correlation of these datums with such well-deter- 
mined datums as mean sea level. 

CORRELATION OF DATUMS 

If tmo charts of the same region make use of different datums, 
the depths shown on these charts will be different. For  example, if 
on one chart the datum used is spring low water while on the other 
the datum is mean low water the depths on the two charts may differ 
by a foot or  more. 

Ordjnarily, it is assumed that  these differences in depths represent 
the difference in the datums used. Suppose, however, that  the charts 
are based on different surveys made a number of years apart, the 
differences in  depth between the two charts then represent not only 

2 See Tidal Datum Planes, Special Publication No. 125, pp. 117-124. 
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the difference between the two datums, but also actual changes in 
depth due to erosion or silting. To determine whether such actual 
changes have taken place, it is necesswy to correlate the two datums ; 
that is, to determine the relation of the two datums to each other. 
h similar problem arises when charts of contiguous areas make 

use of different datums, for the depths on the one chart are not di- 
rectly comparable with the depths on the other chart. I f ,  however, 
the relatibn of the one datum to the other is known, the depths on 
the two charts become comparable. Thus, if the difference between 
,the two datums is 1 foot, like depths will be shown as 1 foot greater 
on the chart using the higher datum than on the chart using the lower 
tdatum. 

I f  the information on a chart relative to  the datum used mere1 
designates the datum, this will not permit a correlation between dii! 
ferent charts when different datums are used. But i f ,  in addition, 
the relation of the datum to mean sea level is given, this additional 
information permits the correlation of different datums. For  ex- 
ample, suppose one chart makes use of the datum of lower low water 
while the other makes use of the datum of mean low water. This in- 
formation of itself permits no correlation of the two datums. But 
if in addition the one chart states that lower low water is 3.3 feet 
below mean sea level, while the other chart stat,es that mean low 
11-ater is 2.1 feet below mean sea level, then obviously the one datum 
is 1.2 feet below the other and the depths on the two charts become 
immecliately comparable. 

I n  the correlation of datums, therefore, the relation of the datum 
used to mean sea level is the basic information. So soon as this re- 
lation is lmown, different datums can be immediately correlated. It 
is to be observed that in the determination of datum planes it is al- 
ways necessary to determine mean sea level; so that this basic rela- 
tion of a datum to mean sea level is obtained a t  the same time that 
the datum is determined. 

CHANGES IN DATUMS 

ASSUMPTION O F  CONSTANCY 

I n  the use of the various tidal datums for chart purposes, it is 
generally taken for granted that such datums remain constant over 
relatively long periods of time; that is, it is taken for granted that 
the plane of mean low water, lower low water, or other tidal datum 
plane, when accurately determined at  any place at one time, will 
.correspond exactly with the same plane accurately determined a t  
another time. 

This constancy of tidal datums, however, is based on two tacit 
assumptions. It involves in the first place the assumption of coastal 
stability and in the second place the assumption of tidal constancy. 
I n  a region in which the coast is stable-that is, one which is neither 
subsiding nor emerging, and in which no change in tidal rhgime is 
.taking place-datum planes determined at  different times will cor- 
respond exactly. But if changes in coastal stability or in tidal 
Thgirne take place, changes in datums are bound to follow. These 
matters, .therefore, merit detailed consideration. 
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COASTAL STABILITY 

The determination of a datum plane involves the determination of 
the elevation of this plane with respect to some fixed point on shore; 
that is, the datum is determined as corresponding to some definite 
reading on a fixed tide staff or as a certain number of feet below 
a. hench mark on shore. 

Now, suppose that after a datum plane has been determined at a: 
given place, the coast in the vicinity subsides, whether suddenly 
or gradually over a number of years, is for the present discussion 
immaterial. After a number of years, during which this subsidence 
amounts to A feet, another determination of the datum plane with 
respect to the same tide staff or bench mark is made. Clearly this 
second determination of the datum plane will not correspond to the 
same reading on the tide staff, nor be the same number of feet below 
the bench mark as the first determination, but will be A feet higher. 
I n  other words there will be a change in the datum of A feet. 

I f  the subsidence of the coast in question has been uniform over a 
considerable area, the change in datum will be accompanied by a 
corresponding increase of A feet in the depth of the water in the 
vicinity. But an increase in depth can not of itself be taken to 
indicate a change in datum; for obviously change in depth may arise 
also from erosion of the sea bottom. As a matter of fact changes in 
topography of sea bottom take place more frequently than changes 
in datum. 

Changes in datum planes, with corresponding changes in depth, 
arise also in connection with an emerging coast. I n  this case the 
changes in both datums and in depths are of a reverse character from 
those discussed above. 

With regard to periods of time measured in thousands of years, 
there is indubitable evidence that changes in relative elevation of 
land to sea have taken place in many regions. For the lesser periods 
of time. involved in everyday affairs, however, such changes are 
generally so small that they have been disregarded and coastal sta- 
bility taken for granted, in so far as datum planes for charts are 
concerned. It is clear, however, that in the course of time coastal 
stability can not be taken for granted, but must be definitely 
determined. 

It is to be observed in this connection that the accurate deter- 
mination of datum planes, when rel'ated to bench marks, furnishes 
a ready means for determining with precision changes in the relative 
elevation of land to sea. I f  a change in datum as determined at two 
different times is found, it is evident that the coast has changed in 
elevation by the amount indicated, provided no part of this change 
in datum is due to change in tidal r6gime. 

TIDAL CONSTANCY 

The determination of a datum plane involves the derivation of the 
mean value of some continually varying phase of the tide. The 
variations are both periodic and nonperiodic. The latter variations 
may be assumed to balance out in a number of years; but the former 
are assumed to be of a strictly periodic nature; that is, it is assumed' 
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that after given periods of time these variations recur in exactly the 
same way. 

Now it is to be noted that the assumption of tidal constancy for any 
given place is Valid only so long as nothing occurs to change per- 
manently the tidal regime at that place. Any change in regime of 
the tide obviously brings in its train changes in the various high- 
water and low-mater datums. I f  the range is increased, the high- 
water datums are raised and the low-water datums are lowered. 
With a decrease in range the high-water datums are lowered, and 
the low-water datums raised. 

Changes in tidal i4gime generally take place when changes in the 
hydrographic features of a region occur. On the open coast it is 
clear that on1 profound changes in the hydrographic features can 

waters, because of the relatively limited areas and depths involved, 
changes in hydrographic features of lesser magnitude, whether due to 
natural or artificial causes, are sufficient to bring about changes in the 
range of the tide and thus produce changes in datums. 

The quantitative relations subsisting between changes in the hy- 
drographic features of a given body of water and changes in datums 
are difficult to establish in advance. Qualitatively, however, the 
direction of the change in datum that mill follo\.v given changes in 
hydrographic features can be determined from general considera- 
tions. 

The €ides in rivers are due to  the tides sweeping into them from 
the seas with which they connect, the tide traveling upstream until 
stopped by falls or rapids, as a rule. The wider and deeper the 
channel of a river, the freer is the movement of the tide from the 
open sea, and therefore the greater the rise and fall. With the 
stabilization of the hydrographic features of the river, a stable tidal 
regime ensues, and this means a stabilization of datum planes in the 
river. 

Tidal rivers that carry the drainage waters from large areas are 
subject to influences that tend to change rather than to  stability of 
hydrographic features. During freshet conditions, the channel in 
some parts may become deeper or wider, while in other parts de- 
position may take place, making the channel narrower or shallower. 
I n  those sections, therefore, a change in the tidal Agime will result 
which frequently is reflected in a change of range of tide and there- 
fore in a change of the low-water and high-mater datums. 

The channel leading into the river from the open sea likewise is 
subject to  influences that make for change of hydrographic features. 
During periods of storms the entrance may become wider or nar- 
rower, deeper or shallower. I n  this way the tide sweeping into the 
river has freer or more restricted entry, resulting in an increase or 
decrease of range, and therefore in a change of datums. 

I n  the interest of navigation artificial changes in the hydrographic 
features of tidal rivers are frequently made. With the increased 
draft and size of modern vessels, changes in depth or other changes 
are frequently found necessary; and such improvements if of suf- 
ficient magnitude, result in changing the range of the tide, and con- 
sequently bring about changes in datums. 

bring about c K anges in the range of the tide. But in inland tidal' 

Tidal rivers furnish illustrative examples. 
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Normally the cross-sectional area of a rirer increases seaward, due 
to the seaward slope of the river bed and to the increasing width of 
channel. As a consequence the mean sea level, or more accurately 
the mean river level, becomes higher in going upstream. For ex- 
ample. precise leveling by the Coast and Geodetic Surrey has 
brought out the fact that mean river lerel at Philadelphia, about 
100 miles up the Delaware, is about three-quarters of a foot higher 
than mean sea level on the coast, notwithstanding the fact that the 
range of tide at Philadelphia is somewhat larger than at  the mouth 
of the river. 

Widening or deepening the channel of a river, especially near the 
entrance, results in giving freer ingress and egress to the waters. 
As a consequence both a lowering of the mean river level, and an 
increase in the range of the tide takes place. I f  as n result of such 
improvements, the mean river level a t  a given point is lovered D 
feet, and the range increased B feet, the datum of mean low water 
becomes lowered D + l / A  feet. 

The slope of mean river level up a tidal stream is relatively slight, 
and hence D, the change in mean river level a t  any point consequent 
upon river improvement, is small. The increase in range, however, 
may be considerable. Thus at Glasgow, on the Clyde, the range was 
increased 8 feet by river improvements. 

I n  this connection it should be noted that the magnitude of the 
change consequent on change in tidal, regime is different for the 
different datums. Thus for the datum of mean low water, in the 
example cited above, the change is l / ,A+D feet. But for the datum 
of mean high water the change is Y'A-D feet, while for mean river 
level (which corresponds to mean sea level) the change is only 
D feet. 

NECESSITY FOR BENCH MARKS 

I n  the tide observations made at  any place, the heights are referred 
to a graduated tide staff maintained in a fixed position. To insure 
replacement at the same elevation, should the tide staff be disturbed 
during the period of observations, its elevation with respect to one 
or more bench marks on shore is carefully determined. The main- 
tenance of a fixed elevation of tide staff is thus the primary purpose 
of bench marks in connection with tide observations. 

I n  connection with datum planes, however, bench marks serve other 
important purposes. I n  the first place they preserve for future use 
the various datum planes derived from the tide observations. These 
datum planes are determined as so many feet below the different 
bench marks, making the recovery of the datum plane a simple 
matter, so long as the bench marks are maintained. 

The existence of good bench marks also permits the detection of 
changes taking place in datum planes. For such changes become 
immediately evident by differences in the elevations ?f the same 
datum with respect to bench marks, when derived from tide observa- 
tions made at  different times. Indeed, it is only through the medium 
of bench marks that changes in datums can be measured accurately. 

It is the practice of the Coast and Geodetic Survey to establish 
and maintain at each tide station one standard bench mark for each 



Special Publication No. 170 

-~ ~~~ ~ 

FIGURE 20.-STANDARD TIDAL BENCH MARK. U. S. COAST AND GEODETIC SURVEY 
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year of tide observations up to 10 years, with a minimum of five 
bench marks for a series one year in length and a minimum of three 
for a short series. These bench marks are distributed to insure 
against loss by a common cause. 

The qualities that distinguish a good bench mark are freedom 
from likelihood of change in elevation, and ease of fincling and iden- 
tification. Disk bench marks fulfill these requirements well. The 
standard tidal bench mark of the Coast and Geodetic Survey consists 
of a brass disk about 3 inches in diameter, with a shank about 21/, 
inches long for insertion into a building or other substantial support, 
and carries the inscription shown on Figure 20. 
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PUBLICATION NOTICES 

The Coast and Geodetic Survey maintains a mailing list of persons interested 
n its airway maps, nautical charts, and miscellaneous publications. On the 
ssuance of new or revised editions, descriptive circulars a re  promptly mailed 
:o those interested in  the subject matter. 

Should you desire to receive such notices please check any of the lists men- 
:ioned below, grouped by subject matter, using the form prepared for your 
:onvenience. 

(Date)__---------------------- 

Che DIRECTOR, U. S. COAST AND GEODJCFIC Smvm,  
Wa8hingtoW, D.  C .  

Dear SIR: I desire that  my name be placed on the mailing lists indicated by 
?heck below to receive notification of the issuance of publications referring 
to the subjects indicated : 
0 109. Astronomic Work. 
0 109-A. Base Lines. 
0 109-B. Coast Pilots. 
0 109-C. Currents. 
0 109-D. Geodesy. 
0 109-E. Gravity. 
0 109-F. Hydrography. 
0 109-G. Leveling. 
0 109-H. Nautical Charta. 
0 109-1. Oceanography. 
0 109-J. Precise Traverse. 
0 109-K. Seismology. 
0 104-L. Terrestrial Magnetism. 
0 109-M. Tides. 
0 109-N. Topography. 
0 109-0. Triangulation. 
0 109-P. Cartography. 
0 109-R. Airway Maps. 

(Name)------------------------------------------ 

(Address)------------------------------------------ 
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