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CHAPTER 5
WATER LEVELS AND FLOW

1. INTRODUCTION

The purpose of this chapter is to provide the hgdhpher and technical reader the fundamental
information required to understand and apply wheeels, derived water level products and datumd, an
water currents to carry out field operations inup of hydrographic surveying and mapping actgti
The hydrographer is concerned not only with thevatien of the sea surface, which is affected
significantly by tides, but also with the elevatiohlake and river surfaces, where tidal phenonreag
have little effect. The term ‘tide’ is traditiomal accepted and widely used by hydrographers in
connection with the instrumentation used to meatugeelevation of the water surface, though theter
‘water level’ would be more technically correcthél'term ‘current’ similarly is accepted in manyagén
connection with tidal currents; however water cotseare greatly affected by much more than the tide
producing forces. The term ‘flow’ is often usedgtead of currents.

Tidal forces play such a significant role in contipl@ most hydrographic surveys that tide producing
forces and fundamental tidal variations are onlscdeéed in general with appropriate technical refiees

in this chapter. It is important for the hydrognapto understand why tide, water level and waterent
characteristics vary both over time and spatiatiytisat they are taken fully into account for survey
planning and operations which will lead to sucaoglgsfoduction of accurate surveys and charts.

Because procedures and approaches to measuringpgiyging water levels, tides and currents vary
depending upon the country, this chapter coversemrprinciples using documented examples as
appropriate for illustration.

2. TIDES AND WATER LEVELS
2.1 Principles of Tides and Water Levels

The observed tides at any given port are the reduttany factors, including the response of theaoce
basin to the tide producing forces, to the modiiaes of the tide due to shallow water effects afal
embayments and rivers, to the regional and lodatef of weather on water levels.

2.1.1 Astronomical Tide Producing Forces

At the surface of the Earth, the Earth’s gravitadiloattraction acts in a direction inward towaddentre

of mass and thus holds the ocean waters confinddssurface. However, the gravitational forcéthe
Moon and Sun, and centrifugal force of the Suntiedtoon system, act externally upon the Earth's mcea
waters. These external forces are exerted asptifhicing, or tractive forces. Their affects are
superimposed upon the Earth’s gravitational fornd act to draw the ocean waters horizontally to
various points on the Earth’s surface.

A high tide is produced in ocean waters by the pliragl action resulting from the horizontal flow of
water toward the region of maximum attraction af tombined lunar and solar gravitational forcem A
additional high tide is produced at a position loe dpposite side of the Earth, where the centrifiayae

of the orbiting system overpowers the gravitatiattdaction of the Sun and Moon. Low tides arawé

by a compensating withdrawal of water from regiansund the Earth midway between these two tidal
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bulges. The alternation of high and low tidesaased by the daily (atiurnal) rotation of the solid body
of the Earth with respect to these two tidal bulged the tidal depression. The changing arrivaé$ of
any two successive high or low tides at any onaetlon are the result of numerous factors. Fund&ahen
tide producing forces have two components dueddiim (solar) and the Moon (lunar).

2.1.1.1 Origin of Tide-Producing Forces

It appears to an observer on the Earth that thenMeuwolves around the Earth, but in reality the Koo
and the Earth each revolve around their commonreeasft mass known as tHearycentre The two
astronomical bodies tend to be pulled togetherryitational attraction and simultaneously throvpaud

by centrifugal force produced as they revolve atbtime barycentre. The gravitational attraction and
centrifugal force are equal in magnitude and ogpdsi direction; thus, the Earth and Moon are regith
pulled toward each other, nor are they further spd from each other. There is a similar effectthe
Earth and Sun system, but they are separate atidctlisom those of the Earth and Moon (thus thealu
and solar components).

These gravitational and centrifugal forces are idd only at the centres of mass of the individual
bodies. At points on, above or within the bodtlsg, two forces are not in equilibrium, resultingtiches

of the ocean, atmosphere and lithosphere. Onidleeo$ the Earth turned toward the Moon or Sunet n
(or differentia) tide-producing force acts in the direction of eon or Sun’s gravitational attraction or
toward the Moon or Sun. On the side of the Eaitlectly opposite the Moon or Sun, the net
tide-producing force acts in the direction of tlieager centrifugal force or away from the Moon anS

2.1.1.2 Centrifugal Force

The barycentre of the Earth/Moon system lies abiatpapproximately 1,700 km beneath the Earth’s
surface, on the side toward the Moon, and alorigeadonnecting the individual centres of mass ef th
Earth and Moon (Figure 5.1). The centre of maghefEarth describes an orbit,(E,, Es...) around the
barycentre (G) just as the centre of mass of therMVitescribes its own monthly orbit (MM ,, Ms...)
around this same point.

As the Earth revolves around the barycentre, tirifegal force produced at the Earth’s centre afsm

is directed away from the barycentre in the samamaain which an object whirled on a string around
one’s head exerts a tug upon the restraining ha®elcause the centre of mass of the Earth is on the
opposite side of the barycentre to the Moon, therifegal force produced at the Earth’s centre aefgis
directed away from the Moon. All points in or dretsurface of the Earth experience the same maignitu
and direction of this centrifugal force. This fastindicated by the common direction and lengthhaf
arrows representing the centrifugal forcg) (@& points A, B and C in Figure 5.1 and the thirows at
these same points in Figure 5.2. In a similaritaghthe barycentre of the Earth/Sun system liea at
point well within the Sun because the Sun is sosiwasrelative to the Earth; however the same theory
applies.

It is important to note that the centrifugal fopm@duced by the daily rotation of the Earth oroiten axis

is of no consequence in tidal theory. This elenyf@ays no part in the creation of the differential
tide-producing forces because the force at anyqodait location remains constant with time, soweer
surface is always in equilibrium with respect to it
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The solid and dashed circles represent
near-equatorial cross-sections through
the earth, containing the plane of the
Moon's orbit around the barycenter (G).
Points E1, E2, E3 and M1, M2, M3

are corresponding positions of the
centers of mass of the
Earth and Moon
respectively.

M2
Earth
M1
Fig. 5.1
Type of Force Designation

F¢ = centrifugal force due to Earth's revolution thin

around the barycenter amrow
Fg = gravitational force due to the Moon heavy arrow
F¢ =the resultant tide-raising force due double shafted

to the Moon arrow

Relative Magnitude
of the Forces Present

A | Fg > F¢ > Ft

at

A north-south cross-section through the Earth's

W . v center in the plane of the Moon's hour angle;
C Fg = Fc > 0 the dashed ellipse represents a profile through

v I A the spheroid composing the tidal force envelope;
B Fg < F¢ > Fi the solid ellipse shows the resulting effect on the

Earth's waters.

Fig. 5.2
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2.1.1.3 Gravitational Force

While the affect of the external centrifugal foriseconstant at all points on the Earth, the affact
gravitational force produced by another astronohticaly changes from place to place. This is bezaus
the magnitude of the gravitational force exertedegawith the distance of the attracting body. §hn
the theory of tides, another variable influencenteoduced, based upon the different distancesadbus
points on the Earth’s surface from the Moon’s cerdf mass. The relative gravitational attraction
exerted by the Moon at various positions on theltEsr indicated in Figure 5.2 by arrows labelled F
which are heavier than those representing the it force components.

Analogous to the fact that the Earth’s own cengrdiforce plays no part in producing tides, thee of
the Earth’s own gravitational force plays no dirpatt in the origin of tides. Again, this is besatthe
Earth’s gravitational force at any particular looatremains constant with time.

2.1.1.4 Differential Tide-Producing Forces

The centrifugal force acting on the centre of tlaetk as the result of its revolving around the bangre

is equal and opposite to the gravitational forcered by the Moon on the centre of the Earth. Téis
indicated at point C in Figure 5.2 by the thin @rehvy arrows of equal length, pointing in opposite
directions. The net result of this circumstancthé the tide-producing force jft the Earth's centre of
mass is zero.

The sublunar point point A in Figure 5.2, is approximately 6,400 kmarer to the Moon than point C.
Here, the force produced by the Moon’s gravitatignal is larger than the gravitational force atl@e to
the Moon; because the centrifugal force is everyaegual and opposite to the gravitational pulthaf
Moon at the Earth’s centre of mass, the largerigaional pull at point A overpowers the centrifliga
force, for a net force in the direction of the Moonhis is indicated in Figure 5.2 by the doublefstd
arrow. The resulting tide produced on the sidthefEarth toward the Moon is known as thect tide

On the opposite side of the Earth, #rgipodal point point B, is about 6,400 km farther from the Moon
than point C, the Moon’s gravitational force isddban at C; because the centrifugal force at @®iist
greater than the gravitational attraction of theoM@t point C, the resultant tide-producing fort¢hés
point is again directed away from the Earth’s centrhis force is indicated by the double-shaftedva

at point B. The tide produced in the antipodahp@ known as thepposite tide

There is also a similar set up of differential fgan the Earth/Sun system.
2.1.1.5 Tractive Force

Tide-producing forces have a magnitude of only almme 9-millionth of the Earth's own gravitational
attraction. The tide-producing forces, therefare, wholly insufficient to noticeably lift water aigst the
pull of the Earth’'s gravity. Instead, the tidex agenerated by the horizontal component of the
tide-producing forces. At any point on the Eartbtsface, the tide-producing force may be resoluéul
two components — one vertical, or perpendiculath® Earth’s surface, and the other horizontal, or
tangential to the Earth’s surface; because thebtwtdl component is not opposed in any way to gravi

it can act to draw particles of water freely oviee tEarth’s surface toward the sublunar and antipoda
points.

The horizontal component, known as the tractiverafddng’) component of force, is the actual

mechanism for producing the tides. The tractiveedois zero at the sublunar and antipodal points,
because the tide-producing force is entirely valtiat these points; thus, there is no horizontal

C-13



257

component. Any water accumulated in these locatlmntractive flow from other points on the Earth’s
surface tends to remain in a stable configuratiorijdal ‘bulge’. Thus, there exists a constamidiEncy
for water to be drawn from other points on the Earsurface toward the sublunar point (A in FigGr2)
and its antipodal point (B in Figure 5.2), and &Heaped at these points in two tidal bulges. #egial
case of Newton’s Universal Law of Gravitation, ttide-producing force varies inversely as the third
power of the distance of the centre of mass ofttracting body from a given point on the surfatée
Earth.

Within a band around the Earth roughly midway bemvéhe sublunar and antipodal points, the tractive
force is also zero, because the tide-producingefgdirected vertically. There is, thereforegadency
for the formation of a stable depression in thggaon.

2.1.1.6 The Tidal Force Envelope

If the ocean waters were to respond exclusivelydctive forces and the Earth were covered withewat
without continents, the water surface would apprate the shape of a prolate spheroid. The majer ax
of the spheroid would lie along a line connectihg tentres of mass of the Earth and Moon, the minor
axis would be centred on, and at right angleste, major axis. The two tidal humps and the tidal
depression are represented in this force envelgphd directions of the major axis and rotated mino
axis of the spheroid, respectively. From a putkgoretical point of view, the daily rotation oftkolid
Earth with respect to these two tidal bulges areddépression may be conceived to be the causesof th
lunar tides. With respect to the Sun, the resgltnlges and depressions may be conceived to be the
cause of the solar tides.

As the Earth rotates, one would ideally expecind & high tide followed by a low tide at the saph&ce

6 hours later, then a second high tide after 12d)ycand so forth. This would nearly be the casa if
smooth, continent-free Earth were covered to aoumifdepth with water, if the tidal force enveloge o
the Moon alone could be considered, the positiothefMoon were fixed and invariable in distance and
relative orientation with respect to the Earth &wh and if there were no other accelerating ordetg
influences affecting the motions of the watershaf Earth; however this is far from the actual sibra

First, the tidal force envelope produced by thectfbf the Moon is accompanied by, and interactk, vai
tidal force envelope produced by the Sun. Thd fatae exerted by the Sun is a composite of the'Su
gravitational attraction and the centrifugal foareated by the revolution of the Earth around thetre

of mass of the Earth-Sun system. The positionhis torce envelope shifts with the relative orbital
position of the Earth with respect to the Sun; dithe great difference between the average distot
the Moon and Sun from the Earth (384,400 km andQX)000 km, respectively), the tide-producing
force of the Moon is approximately 2.5 times thétttee Sun, even though the Sun is so much more
massive than the Moon.

Second, there exists a wide range of astronomaadhbies in the production of the tides. Someheke
are the changing distances of the Moon from thehEamd the Earth from the Sun, the angle which the
Moon in its orbit makes with the Earth’s equattwe tangle which the Sun appears in the yearly ofbit
the Earth about the Sun and the variable phasgomthips of the Moon with respect to the Sun and
Earth. Some of the principal types of tides rasgltfrom these purely astronomical influences are
described below.

Third, other affects come into play, causing theew&vel to differ from the astronomically inducidie.

These include restrictions to the flow of watersmdiby the continents and meteorological affectarag
others.
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2.1.2 Tidal Characteristics

The actual characteristics of the tide at locatiarmind the Earth differ significantly from the aised
tidal envelope discussed previously. First of waiater is a somewhat viscous fluid, which lagsts i
response to the tide-generating forces. More figmitly, the Earth is not a smooth sphere with
uniformly deep water covering its entire surfadédal movements are affected by friction with theean
floor and with other ocean currents; the continentsrrupt, restrict and reflect tidal movementse t
shape and size of the ocean basins accentuatenpedavarious components of the tide producing frce

The rise and fall of the tide does not occur ahidoum rate. From low water, the tide begins risirery
slowly at first, but at a constantly increasingerfdr about 3 hours when the rate of rise is agaimum.

The rise continues for about 3 more hours, but abrstantly decreasing rate until high water. The
falling tide follows a similar pattern of increagithen decreasing rate. When the rise and fahetide

is represented graphically, it can be seen to aqpade the form of a sine curve. At any location,
however, the rise and fall of the tide, and consatjy the shape of the curve, will be characterisgc
variety of features. These features will vary édesably from location to location. Of these featr
three may be considered as constituting the pilimdparacteristics of the tide. These three agdithe

of tide, the range of tide and the type of tideheThydrographer must understand and consider dach o
these three characteristics in order to computeappty tidal reductions to soundings.

2.1.2.1 Time of Tide

A stationary moon would appear to cross the maridizany given place once every day; but, becdese t
Moon revolves around the Earth in the same diracitiowhich the Earth is rotating, any point on the
Earth must actually rotate approximately 12.5° adach day to catch up with the Moon. This 12.5°
requires about 50 minutes, resulting in a ‘tidal’dd 24 hours and 50 minutes.

The time of tide refers to the time of occurrentaigh or low water with respect to the Moon’s naéain
passage. This characteristic of the tide at aisp@tace is described by the high and low wateritidal
intervals. The lunitidal interval is the elapsadd between a meridian passage of the Moon anHigfne
or low water. Lunitidal intervals are not constafdng any given meridian. The intervals vary,dobs
upon the interruption of the tidal wave by land sessand by the resistance of the ocean floor asdkie
moves into shallow water.

Even at any given place, the intervals are not teonisbut they do vary periodically within relatiye
narrow limits. This limited variation in lunitidahterval results from the interaction between tidal
forces of the Moon and the Sun. Between new Maouhfast quarter, and between full Moon and third
guarter, this interaction can cause an acceleratididal arrival times. Between first quarter afud
Moon, and between third quarter and new Moon, iteraction can result in a lagging of the tidaivadr

Lunitidal intervals are defined both in terms oéthloon’s meridian passage over Greenwich and the
Moon’s meridian passage over the local longitudehey are known respectively as the Greenwich
lunitidal interval and the local lunitidal intervalGreenwich intervals are more useful in that tbay be
used to relate the times of tide at one place dsdlat any other place. The time of tide is ingoarin
analysis and prediction of the tides and in the patiation of tidal zoning correctors.

2.1.2.2 Tidal Range

The difference in height between consecutive higth law tides occurring at a given place is known as
the range. In the open ocean, the actual heigtiteofidal wave crest is relatively small (usudllyn or
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less) and uniform. It is only when the tidal ceeand troughs move into shallow water, against
masses, and into confining channels that largé tzolges and rticeable variations in range are appal

The range of tide at a particular location is nmtstant, but varies from day to day. Part of Haigation
is caused by the effects of wind and weather, bastiyn it is a periodic phenomenon related to
positions of the Sun and the Moon relative to tlaete In this day to day change, the tide respda
three variations, each associated with a particutarement of the Moo

Lunar Phase Effects: Spring and Neap T At most places, the Moon'sase has the greatest aff
on the range of the tide. It has been noted tiatitles originate from the combined effects oftive
forces generated by both the Sun and the Moon;usecaf the Moon’s changing position with respec
the Earth and Su(Figure 5.3) during its monthly cycle of phagesctive forces generated by the Mc
and Sun act variously along a common line and ahgimg angles relative to each ot

First Quarter

New To Sun
Moon

¥

Looking down on the north pole of the
Earth's figure {(central solid circle). The
two solid ellipses represent the tidal force
envelopes produced by the Moon in the
positions of syzygy (new or full moon}) and
quadrature (first and third quarter), respectively;
Third Quarter the dashed ellipse shows the smaller tidal force
envelope produced by the Sun.

Fig. 5.3

When the Moon is at new phase and full phase (po#itions beig calledsyzygy, the gravitationa
attractions of Moon and Sun act to reinforce edtierp as the resultant or combined tidal forcels®
increased, the high tides are higher than averaddaav tides are lower. This means the tidal rais
greaterat all locations which display a consecutive higld éow water. Such greer-than-average tides
resulting at the syzygy positions of the Moon amewn asspring tides— a term which merely implies
‘welling-up’ of the water and bears no relationslo the season of the year.

At first- and third-quarter phaseguadratur¢) of the Moon, the gravitational attractions of tleon and
Sun upon the waters of the Earth are exerted ht gggles to each other. Each force tends intpz
counteract the ber. In the tidal force envelope representingehmsmbined forces, both the maximi
and minimum force values are reduced. High tidedawer than average and low tides are highech.
tides of diminished range are calneaptides, from a Greek word meaning ‘scanty’.
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Parallax Effects (Moon and Sur)Since the Moon follows an elliptical path (Figurg) the distanc
between the Earth and Moon will vary throout the month by about 50,000 km. The Moc
gravitational attraction for the Eartl waters will change in inverse proportion to thedhpower of the
distance between Earth and Moon, in accordance théhpreviously mentioned variation of Newto
Law of Gravitation. Once each month, when the Mdenclosest to the Earthperigeg, the
tide-generating forces will be higher than usual, thusdpcing abov-average ranges in the tid
Approximately 2 weeks later, when the Moon apoge# is farthest from the Earth, the lunar -pro-
ducing force will be smaller and the tidal rangell be less than average. Similarly, in the -Earth
system, when the Earth is closest to the {perihelior), about January 2 of each year, the tidal ral
will be enhanced, and when the Earth is fartheshfthe Sunaphelior), around July 2, the tal ranges
will be reduced.

S =35un
E1 = Earth at perihelion (January 2nd)
E2 = Earth at aphelion (July 2nd)

M1 = Moon at perigee
M2 = Moon at apogee

Aphelion
(July 2) Moon's Orbit

Perigee

94.5 91.5
million miles S million

E2

Common Earth's Orbit
projection of
the Earth's orbital
plane around the Sun
(the ecliptic) and the Moon's

orbital plane around the Earth.

Perihelion
{(Jan. 2)

Fig. 5.4

When perigee, perihelion, and either the new of Kbon occur at approximately the same tii
considerably increased tidal ranges result. Wipngee, aphelion, and the f- or thirc-quarter Moon
coincide at aproximately the same time, considerably reduceal tighges will normally occt

Lunar Declination Effects: The Diurnal Inequa — The plane of the Moon’s orbit is inclined or
about 5° to the plane of the Earth’s orbit (ecliptic) and thus the Mon in its monthly revolution arour
the Earth remains very close to the eclif

The ecliptic is inclined 23.5° to the Earth’s eguahorth and south of which the Sun appears toe
once each half year to produce the seasons. imilarsfashionthe Moon, in making a revolution arou
the Earth once each month, passes from a positioraximum angular distance north of the equata
position of maximum angular distance south of tipga¢or during each half month. Thisdeclination
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Twice each month, the Moon crosses the equator. In Fifuethis condition is shown by the dasl
position of the Moon. The corresponding tidal Boemvelope due to the Moon is depicted, in probig
the dashed ellipse. Tides occurring when the Migorear the equator are known equatorial tides
while those occurring when the Moon is near its imaxn northern or southern declination are know
tropic tides

A north-south cross-section through the Earth's
center; the ellipse represents a meridian section
through the tidal force envelope produced by

the Moon.
Moon
(at high
decllnatlon) ______ C' (Diurnal Tide)
~
_— \ (Mixed Tide)
T NN B B
' \1 ;(Semidiurnal
‘ ) " Tide,
s /" Equatorial
Moon Type)

(directly over
the equator)

Earth

Fig. 5.5

Variability — The effects of phase, parallax and declination rase exhibitedeverywhere in equ
measure, though all three do occur on all partshefEarth. Phase inequalities are most comm
greatest, but in any particular area any one oftitee variations may exert the predominant infbgeon
the range variation of théde. The month of the Moon’s phases, synodic mont, is approximately
29.5days; the month of the Moon’ s distance, anomalistic monthis approximately 27 days; and the
month of the Moon’s declination, titropic monthis approximately 29.3 daydt follows, therefore, the
considerable overall variation in the range oftide occurs at any place as a result of the pregyrely
changing relations of the three variations to ezttier. At Seattle, for example, the mean rangédefis
about 2.3, but individual ranges within a single day maymaom less than 1 m to more than 4 m.

The range of tide is subject to other periodicatiohs (for example, the solar parallax differenceted
earlier), but the three discussed above areprincipal variations. The fact all these majorigaons
cycle completely in 29.8ays or less is the main reason why the hydrographsst operate key tic
stations for a minimum of 3ffays. Although the variation in range from oneday period to arther
will change somewhat, any 30 consecutive days obdain combination with lor-term stations will
usually suffice for preparation of hydrographiceticeductions. One important lc-term deviation in
range of tide is due to a slowly varying charn orientation of the Moon'’s orbit called the regies of
the Moon’s nodes. This variation results in a reasle corresponding slow difference in the ranfy
tide. This deviation gives rise to the need to medal factors or nodal corrections wheerforming
harmonic analyses or tide predictions and is ingdrin the determination of various tidal datumse
section 2.1.4).
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2.1.2.3 Types of Tide

Of the three principal tidal characteristics, tygdide is the most fundamental. If the tidesved places

are of the same type, but differ in time or in ranthe tide at one place can be related simply and
accurately to the tide at the other location. H®isilarity underlies the hydrographer’s ability eatend
sounding datums and compute accurate water-ledeicegs in areas where a relatively short series of
tidal observations have been obtained. On ther didwed, if the type of tide at the two places ddfdhe
fact the time or range may be the same does nassarly indicate a simple relationship between the
two places. Differences in time and range of &de merely differences in degree, but differenodgpe

of tide are differences in the basic nature oftithe.

The type of tide refers to the characteristic fayfrthe rise and fall of the tide as revealed by tile

curve. Although the tide curve for any particydéaice will differ in some respects from that of atiier

place, tide curves may be grouped into three lalggses or types. These types are semidiurnahalju
and mixed tides.

Referring to Figure 5.5, as the points A andi@ along the major axis of this ellipse, the ieigf the
high tide represented at A is the same as thathwbazurs as this point rotates to positiohsame
12 hours later. When the Moon is over the equator at certain other force-equalizing declinatiens
the two high tides and two low tides on a given deg/similar in height at any location. Successigh
tides and low tides are then also nearly equalfceg in time and occur uniformly twice daily. Thas
known as thesemidiurnaltype of tide. A semidiurnal curve of tidal heigigtrsus time is shown in the top
diagram of Figure 5.6. The semidiurnal type oétislone in which the full cycle of high and lowtesais
completed in half a day. There are two high and tew waters in each lunar day of 24 hours
50 minutes. To be classified as a semidiurnal, tilde two daily tidal cycles must resemble eacteoth
such that, although they are not identical, the ivghs do not differ much and the two lows do niffed
much.

However, with the changing angular distance of M@on above or below the equator (as shown in
Figure 5.5), the tidal force envelope producedh®yMoon is canted, and differences between thehteeig
of two daily tides of the same phase begin to acdtariations in the heights of the tides resultfrgm

the changes in the declination angle of the Mood ianthe corresponding lines of gravitational force
action give rise to a phenomenon known agiibenal inequality

In Figure 5.5, point B is beneath a bulge in tldaltenvelope. One-half day later, at pointiBis again
beneath the bulge, but the height of the tide isasgreat as at B. This situation gives rise to a
twice-daily tide displaying unequal heights in segsive high or low waters, or in both pairs of side
This type of tide, exhibiting a strong diurnal inedjty, is known as amixed tide (See the middle
diagram in Figure 5.6.) The mixed type of tideige in which two highs and two lows occur each day,
but in which there are marked differences betweertwo high waters or between the two low waters of
the day. This type of tide is named a mixed tideduse it has the properties of a mixture of sarmidi

and diurnal tides.
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Distribution of Tidal Phases
Tidal Day

Tidal Period Tidal Period

= 1\ / \ A f \

= /Datum\ | / \ / \ |/ N

S . N/ \ |/ \L/

T .r Y \/ T

S

E 4 SEMIDIURNAL TIDE

= Hial Ll_'l'ldal Period Tidal Day

= ,pHigh  Uower | -~ 4 -

S |\ Water ng_t___v\‘-.f‘ata I/IIdal\ Fittal /

-Q A

= Ris ge N /

s | \Datum/ | \ | ™% f 1 N |

2 L f \ [/ [ Tiba \ [/

g LA / Higher [Rahge Y

b 3 \ { Low Water \ f Tidal

A N Vi I 1 Ampljtude =

= Lower Low Water MIXED TIDE 1/2 Range

% Tidal Day

% ) Tidal Period .

ﬁ ) /—"‘-\

= N /

— /‘/ N f‘( N
I/ Datiym / N
_zj \.—/ T

DIURNAL TIDE

Fig. 5.6

Finally, as depicted in Figure 5.5, the point Geéen to lie beneath a portion of the tidal forceetope.
Onehalf day later, however, as this point rotatesdsition C, it is seen to lie above the force envelo
At this location, thereforehe tidal forces present produce only one high watel one low water eax
day. The resultant diurnal type of tide is showithie bottom diagram of Figure 5.6. The diurnplktyf
tide describes those tides in which one high arallow water occur ila lunar day. In this type of tid
the period of the rise, and also of the fall, afetiis approximately hours as opposed to the 6 h
periods of semidiurnal tides.
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Examples of each of the three types of tide arevahio Figure 5.6, using three days of tidal recdrdm
Hampton Roads, Virginia; San Francisco, Califorani@ Pensacola, Florida. The horizontal line thioug
each curve represents the mean level of the seghanghagnitude of the rise and fall of the tide\abo
and below mean sea level is indicated by the soatbe left.

The upper curve, for Hampton Roads, illustratessmidiurnal type of tide. Two high and two low
waters occurred each day, with the morning and iegetides differing relatively little. The bottom
curve, for Pensacola, illustrates the diurnal tgpéide, one high and one low occurring each dane
curve for San Francisco illustrates one form of thiged type of tide. Two high and two low waters
occurred each day, but the morning tides differsatgrably from the afternoon tides. In this pautac
case, the difference is seen in both the high awdnaters.

The difference between corresponding morning atetradon tides, or diurnal inequality, arises priityar
from the fact that the Moon’s orbit is inclinedttte plane of the equator. This inclination resit¢he

existence of both diurnal and semidiurnal tide pindg forces. These forces affect the actual aise

fall of water level to differing degrees in diffesteplaces, mostly as a result of local and basiposse to
the forces and thus result in different magnitudiediurnal inequality. In fact, the distinction tiaeen

mixed tides and semidiurnal tides is based entialyhis difference in magnitude.

Refer to the tide curve for San Francisco in Figbu& which illustrates a mixed tide. While thése
considerable inequality in both the high and lowess, the inequality of the low waters is greatén.
Hampton Roads, the inequality, though not verydasgexhibited primarily in the high waters. Agie
5.7 illustrates, the inequality may be featurednarily in the low waters, primarily in the high veas$ or
it may appear equally in the highs and the lowsis lalso significant that the diurnal inequalisya
feature of the time of tide as well as of the heigftide. Just as the inequality of the heightiesfrom
place to place and day to day, the duration ofideeand fall and the lunitidal interval also vary.

To distinguish the two tides of the day, definisames have been given to each of the tides. Ofintbe
highs, the higher is called ‘higher high water’ (W) and the lower, ‘lower high water (LHW).
Similarly, the two lows are called ‘lower low watérLW) and ‘higher low water’ (HLW). (See Figure
5.6.) As a measure of the inequality, the termigrtchl high water inequality’ (DHQ) and ‘diurnalvo
water inequality’ (DLQ) are used. The DHQ is definas half the difference between mean higher high
water and mean lower high water and the DLQ isndefias half the difference between the means of
lower low water and higher low water.

These may be more meaningfully understood as ffer@ice between the mean high water and the mean
higher high water, and the difference between tleammlow water and the mean lower low water,
respectively.

Examination of a month’s series of tides, as indheves shown in Figure 5.7, will show that therdal
inequality also varies in magnitude in relationthe Moon’s declination, the inequality being thade
when the Moon is near the equator, as it was i\ minth from the 3rd to the 5th and the 18th to the
20th, and being the greatest when the Moon is meaimum north or south declination, as it was from
the 11th to the 13th and the 25th to the 27th.
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2.1.2.4 Basin and Coastal Effects

Although it is the combined forces of the Sun anabl which set the tidal wave in motion, it is ofthe

size and shape of the ocean basin which contrelshharacteristics of the tide. For example, Parlaac
Florida is certainly not near the pole — the regimnvhich Figure 5.5 would restrict diurnal tidedut it
nonetheless has an unmistakable diurnal tide. I&iyi San Francisco and Hampton Roads are at about
the same latitude, but have distinctly differedaticharacteristics. Much like the water in a bathcan

be set to surging resonantly from end to end,itted bscillations in an ocean basin or a restricted can

be accentuated by the basin’s natural period asn@sce. The Pacific Ocean basin accentuates the
diurnal component of the tides, resulting in didraastrongly mixed tides. The Atlantic, on the eth
hand, accentuates the semidiurnal component ofidies. As a more localized example, much of the
northern Gulf of Mexico responds primarily to thardal components of the tide.

The predominate type of tide can change over welgtishort distances. For example, the east afast
Florida exhibits semidiurnal tides, most of the inasast of Florida exhibits mixed tides and mosthef
panhandle of Florida has diurnal tides.

Certain coastal and seafloor configurations caattyréncrease the range of tide. Much like a wiveilve
crests and breaks as it approaches a beach, avidal also increases in height as it encountertogha
water and constricting shoreline. Examinationidéltranges at coastal stations will almost alwstysw
increasing range as the tide moves up a bay ar. ird®ok Inlet, Alaska, a funnel-shaped and shelvin
body of water, is a particularly good example. tAs tide moves in from the Gulf of Alaska, its rang
increases from about 3 m at the entrance to albut hear the head at Anchorage. Above Anchorage,
in Turnagain Arm, the inlet narrows and shoals ewveme. At the times of highest tides, the risiiupt
flows up the arm against the last of the ebb asésrinto a vertical wall of water reaching nearlyn 2
high. Such a tidally generated wall of water i®kn as didal bore Tidal bores occur in several rivers
or estuaries around the world where the rangedef i§ great and the configuration of the shore and
seabed is ideal.

2.1.3 Non-Tidal Water Level Variations

Changes in the observed water level along the saastdue not only to tidal forces but are alseeariby
variety of other forces over a wide-range of tirsalgs. At the highest frequencies, water levetsliz=
affected by tsunamis, seiche and storm surge. |lwicedl and barometric pressure changes can have a
large affect, especially in shallow water. Wind-sp from onshore winds and low barometric pressure
will generally cause water levels to be above tharselicted while offshore winds and high barometric
pressure tend to have the opposite effect. Stsmagonal meteorological patterns will have affects
monthly sea levels. ENSO (El Nifio Southerly Ostidin) affects on monthly mean sea levels in the
Pacific Ocean are particularly noticeable. Shertst and seasonal affects are also found in tidahess

with strong river flows and are driven by run-offacacteristics of individual watersheds and cohitgl
dams upstream. The Great Lakes and other largss late sensitive to the annual evapo-transpiration
cycles and the net gain or loss of water volumeas8nal variations in oceanic circulation pattemmd
deviations in ocean eddies also may affect codstadls. Depending on the spatial scale of the
meteorological event, the effects can be seen {vési®, regionally or only locally. The hydrographe
needs to be generally aware of these dependemci@arining and conducting survey operations and to
distinguish any anomalies in water level measurésndoe to weather or natural causes versus gauge
malfunction.
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2.1.4 Tide and Water Level Datums

The hydrographer must be able to relate all medsdepths, regardless of the stage of tide or lefel
water at the time of sounding, to a common plandabum. The datum used to reckon heights or depths
for marine applications is a vertical datum calledvater level datum’. For tidally derived datumspst
datums are computed over, or referred to, spetBigear periods or tidal datum epochs. The 19 year
period is important as discussed in section 2.1.B&ause of the 19 year modulation of lunar
constituents by the long-term variation in the plasf the Moon’s orbit called the regression of the
Moon’s nodes.

The water level datum to which the soundings on pasticular survey are referred is known as the
‘sounding datum’. The datum to which depths orhartare referred is known as the ‘chart datum’. A
water level datum is called a ‘tidal datum’ wherfiked in terms of a certain phase of tide. In @dit
States coastal waters, Mean Lower Low Water (MLL@/used for both sounding and chart datums.
MLLW is computed from tabulation of the observasasf the tide, in this case the average of the towe
low waters each tidal day over a 19 year periothe United States presently refers all tidal datums
computed from tide observations to the 1983-200tioNal Tidal Datum Epoch (NTDE) and updates to
new NTDEs only after analysis of relative mean le®&l change. In contrast, some Chart Datums are
derived from harmonic analyses of observations @ntstructing time series of tide predictions over 1
year periods. The Canadian Chart Datum is theaserbf Lower Low Water, Large Tide or LLWLT
which encompasses the previously used datum of sbWermal Tide (LNT). British Charts now use a
Chart Datum of Lowest Astronomical Tide (LAT) basmuthe lowest predicted tide expected to occur in
a 19 year period. LAT is determined at a particldgation by performing a harmonic analysis of the
observations, then using the resulting harmonicstituents in a prediction equation to predict the
elevation of the lowest predicted tide to occurrowel9 year period. Use of LAT has been adopted fo
international use by the International HydrograpBiganisation (IHO). Harmonic analyses have also
been used to determine other Chart Datums. Chattiris used on some older British Admiralty Charts
were Mean Low Water Springs (MLWS) and Indian Sgrirow Water (ISLW). MLWS and ISLW are
derived from summations of the amplitudes of vasimajor harmonic constituents below local Mean Sea
Level.

In areas where there is very little or no tide eotivater level datums are used. For the Black Blean

Sea Level or Mean Water level is used. In the Gra&es, both Canada and the United States use a
separate fixed Low Water Datum (LWD) for each l#lesed on analyses of monthly means during low
water stages. In non-tidal lagoons and bays irctiastal United States where the area transitiam f
tidal to non-tidal, a LWD is used which is deterednby subtracting 0.2 m from the local Mean Sea
Level derived from observations and adjusted t8 gelar period.

There are a variety of local Chart Datums employetidal rivers as well. In the United States, @&ha
Datums have been derived from analyses of measuterdaring the low river stages over a period of
time and then are held fixed for charting purpodegamples are the Hudson River Datum and Columbia
River Datum derived from MLLW based on observatidagng the lowest river stages during the year.

The water level datum is a local plane of elevatidrich applies only in the specific area in whicater
level measurements have been made. Whether tigadrstidal, it is permanently referred to the ldnd
levelling from the water level gauge to a localwetk of bench marks. Computational procedures for
determining tidal datums are addressed later sxGhiapter.

Water level datums are completely distinct fromdga vertical datums. For instance, the Uniteatest

and Canada use the North American Vertical Datunig88 (NAVD 88) and the International Great
Lakes Datum of 1985 (IGLD 85) as the vertical dadufior geodetic purposes. The relationship between
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NAVD 88 (or IGLD 85) and local mean sea level oramavater level varies considerably from place to
place. In fact, it is impossible to transfer atidatum from one place to another with geodetiellang,
without considering local tidal conditions. Theodetic network does, however, establish relatigrshi
between the many tide stations and their tidalrdalevations around the North American continend, a
it could be used to recover a connected local titdbm if the tidal bench marks are destroyed.s Thi
requires level connections or GPS connections letweodetic and tidal bench mark networks.

2.1.5 Harmonic Analysis and Tide Prediction

Each of the tide-generating motions described énaove sections can be represented by a simplecos
curve as illustrated in Figure 5.8. The horizoragis represents time and the vertical represdms t
magnitude of the tide-generating force. The crgsts the times of the maximums in the tide-genegat
force and the troughs, the minimums. For examplegure 5.8, in the Sun-Earth system, noon, with t
Sun overhead, is at the first crest. Six houesr latminimum occurs at the trough. The second maxi

is at midnight with the second crest. Another ¢stois for dawn and then back to the original no@sic

Each one of the tide-generating motions, repredeloyea simple harmonic cosine curve, is known as a
tidal component, tidal constituent, or harmonicstdnent. A letter or letters and usually a suipgare
used to designate each constituent. The tidaltitoest described above, for example, called the
Principal Solar semidiurnal constituent, is desigdeS. The Principal Lunar semidiurnal constituent is
designated M S is for sun and M is for moon and the subsegripeans that there are two complete tidal
cycles for each astronomic cycle. Thus, thesesai® to be semidiurnal constituents. Constituangs
described by their tidal period (the time from nmaxm to maximum)P. The period for the Ss 12.00
solar hours (hr.) and the period for the is112.42 solar hours:

Speed (frequency), n=360°/P

Speed (frequency), n=360°/P
Period, P (hrs.)

High Tide Low Tide High Tide Low Tide High Tide

Crest

Range

Trough

0° 90° 180° 270° 360° 90° 180° 270° 360
Phase

Time (hrs.)
From S . Hicks (2004)

Fig. 5.8 “The tide curve visualized as a wave-form”
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In tidal work, each constituent (cosine curve) isrenoften described by its speed (or frequency in
degrees per hour). The cosine curve is divided 860° (from crest to crest). The spaedf the
constituent is 360°/P. Thus, fog 8 = 360°/12.00 = 30°/hr; for pin = 360°/12.42 = 28.984°/hr.

There are an infinite number of constituents tocdbe almost all of the perturbations in the refati
motions of the Sun, Moon, and Earth (including ditance and declinational aspects). Howeverr afte
about 37, the effects of these motions in représgrthe actual tides are extremely small in most
locations in the United States. For tidally conxpdeeas inside estuaries, such as Anchorage, Akska
Philadelphia, Pennsylvania, it takes over one hesh@onstituents to adequately describe the tideecur
These additional constituents are artifacts whiomigine the fundamental diurnal and semidiurnal
constituents to produce high frequency (from 3 Bclcles per day) constituents which attempt to
describe the complex non-linear affects of seabetidn and shallow water.

The representations of the various astronomicahtavand the development of their periods and speeds
are essential in understanding the harmonic arsatgshniques. The development of frictional, sivall
water and compound tidal constituents are outdidieeoscope of this chapter.

The Principal Solar semidiurnal constituen, ®presents the Earth spinning relative to the. Stihe
Earth rotates once in 24 mean solar hours or, sainocend the world is 360°; it is going at the rafe
360°/24 = 15°/hr. However, there is a maximumha solar tide producing force under the Sun and
again on the opposite side (midnight). So, théopgefmaximum to maximum) of the constituent is 12
mean solar hours and the speed is: 360°/12 = 30°/hr.

The Principal Lunar semidiurnal constituent,, Mepresents the Earth spinning relative to the Moo
Since the Moon is moving eastward, it takes 24.8%&2n solar hours to bring the Moon back overhead.
Again, there are two maximums in this lunar daythe®period is only 12.4206 mean solar hours and it
speed is: M 360°/12.4206 = 28.984°/hr.

S; and M, get into phase (maxima lined up) and out of ph@saximum of one lined up with the
minimum of the other) to produce spring and nedpsti respectively (Figure 5.3). Spring tides o@tur
the times of full moon and new moon while neapgidecur at the times of the first and third quarter
moons. The revolution of the Moon around the Eagthtive to the Sun takes 29.5306 days (called the
synodic month or one lunation). Since there are mmaximums, spring tides occur every 29.5306/2 =
14.765 days and neap tides 7.383 days later tleagpifings.

The Larger Lunar Elliptic semidiurnal constitueM;, and the Smaller Lunar Elliptic semidiurnal
constituent, b, are two constituents designed to simulate théecgt perigee to perigee. These are
completely artificial constituents in contrast wihand M which have realistic relationships to the solar
and lunar envelopes of the tide-generating forcBgrigee to perigee occurs every 27.5546 days (the
anomalistic month) or 661.31 mean solar hours. Jpeed of perigee to perigee is thus 360°/661.31 =
0.544°/hr. This is a lunar event and the spedd.of 28.984°/hr. The constituent speeds are, thegef

N, 28.984 — 0.544 = 28.440°/hr.
L, 28.984 + 0.544 = 29.528°/ hr.

Thus, when Mand L, are in phase every 27.5546 days (the anomalisiitttm) they add to Mto simulate
the near approach to the Moon (perigee). Also7 13 days later they are out of phase simulating
apogee (the Moon farthest away).

The Luni-solar Declinational diurnal constituenty, kand the Principal Lunar Declinational diurnal
constituent, @ are also artificial constituents designed to $atauthe cycle of maximum declination to
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maximum declination of the moon. Maximum northntaximum north occurs every 27.3216 days (the
tropical month) or 655.72 mean solar hours. Howeleth north and south declinations produce the
same results. The north to south (and south tthhaoycle is 655.72/2 = 327.86 hours. The speed is
360°/327.86 = 1.098°/hr. The speeds of the cargsiis, as they modify Mwill be the speed of Mplus

and minus the speed of the north to south cycleceShe maximum is only felt once per day as trghe
spins, the constituent speeds are half the sundiffiedence:

K. (28.984 + 1.098)/2 = 15.041°/hr.
O, (28.984 —1.098)/2 = 13.943°/hr.

Thus, when Kand Q are in phase, every 13.6608 days (one half otrtsgical month, i.e. the month

with respect to the vernal equinox), they add tptdsimulate the maximum declination of the Moon
north or south. They account for the diurnal ireijy due to the Moon (the two high tides and/og th
two low tides being unequal in height each tidaj)dand, at extremes, diurnal tides (one high tide a

one low tide each tidal day).

The Luni-solar Declinational diurnal constituenty, Kand the Principal Solar Declinational diurnal
constituent, B are designed to simulate the cycle of maximuniimioon to maximum declination of the
Sun. Maximum north to maximum north occurs eves§.3422 days (the tropical year) or 8765.81 mean
solar hours. However, both north and south deiitina produce the same results. The north to south
(and south to north) cycle is 8765.81/2 = 4382.84 hThe speed is 360°/4382.91 = 0.082°/hr. The
speeds of the constituents, as they modifywdl be the speed of,$lus and minus the speed of the north
to south cycle. Since the maximum is only felt®per day as the earth spins, the constituent speed
half of the sum and difference:

K; (30.000 + 0.082)/2 = 15.041°/hr.
P; (30.000 — 0.082)/2 = 14.959°/hr.

Thus, when K and R are in phase every 182.62 days (one half of theidab year, i.e. the year with
respect to the vernal equinox), they add tddSsimulate the maximum declination of the Suntmar
south. These constituents also contribute to diinequality.

The theoretical relative magnitudes of the varimmnstituents are also of interest. It must be
remembered, however, that they are computed frentidlie-generating forces and are not necessasly th
values in the observed tide. They are based ownahe, one, for M since M is usually the dominant
constituent. The relative magnitude values, togrethith the periods of the constituents (360°/speed
are:

M, 1.00 12.42 hrs.
S, 0.46 12.00 hrs.
(o]} 0.41 25.82 hrs.
K, 0.40 23.93 hrs.
N, 0.20 12.66 hrs.
P; 0.19 24.07 hrs.
L, 0.03 12.19 hrs.

2.1.5.1 Harmonic Analysis
The mathematical process of looking at one corestitat a time from an observed time series is a¢alle

harmonic analysis. By knowing the periods of thadtituents, it is possible to remove them, pragdi
there is a series which is long enough. Generalhe year is desirable but one month can provide
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adequate results with dominant semidiurnal tidétandard analyses are made for 37 constituentseby t
U.S., although several of them may be quite snatiany of the stations.

From a harmonic analysis of the observed waterl lsgges, two values are obtained for each tidal
constituent. Amplitude, the vertical distance lextw mean tide level and the level of the crest (whe
plotted as a cosine curve) is one of the valudee ather value is the phase lag (Epoch). The plass

the amount of time elapsed from the maximum astroooevent to the first maximum of its
corresponding constituent tide. It is usually egsed in degrees of one complete cosine curve )(860°
that constituent. These two values are known amd@c constants and are illustrated in Figure 3t9.
must be remembered that they are unique to th&plart station location from which they were dedve
Also, the harmonic constants are treated as a aoinstven though in the strictest sense they are not
because the computed values are affected by noifieeisignal, the length of the series analysed, et
The accepted constants which are used are congitte¥ebest estimates of the actual (unknown) values
When any natural event or engineering project agcwuch as erosion, deposition, dredging or
breakwater construction, which has the potentiatdaase major alterations in the adjacent topography
new measurements and a new harmonic analysis raustdertaken.

A is amplitude in feet

K is phase lag (Epoch) in degrees

is the astronomic event

0° 90° 180° 2707 360°

Time
From S. Hicks (2004)

Fig. 5.9 “The amplitude and phase lag of a harmoniconstituent”

2.1.5.2 Prediction of Tides

To predict the tide, say for a calendar year, ihésessary to know the harmonic constants (ampktud
and phase lags) for the constituents at each tot&ir which predictions are desired. These atained
from a harmonic analysis of the observed tide ahestation as described above. Adjustments aremad
for the astronomic configurations for the beginniof the year. Knowing the phase lag of each
constituent from the harmonic analysis, the firstximum of each cosine curve occurs after the eygnt
the amount of its phase lag. The amplitude of easime curve is that found from the harmonic asialy
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Finally, at each hour of the year, the heights lbfttee cosine curves are added. When plotted, the
resulting curve is normally very similar (in shag®l size) to the original observed curve.

The times and heights of the high tides and lowgidre placed as predictions for the forthcomiray;ye
the vast number of predictions is possible by dpplyorrections to those stations for which harrooni
constants have been determined - the Primary Coftations (Reference Stations). Subordinate
Stations (those without harmonic constants) arerred to their nearby Reference Stations by engbiric
constants. Thus, predictions are also obtaineth&se Subordinate Stations.

The type of tide at a given location is largelyuadtion of the declinations of the Sun and Moorhe T
declinations are constantly varying such that e tof tide changes throughout the month and year a
many of the locations. A more rigorous classifimatsystem is available using the amplitudes of the
major constituents at each location. Quantitayivelhere the ratio of (K+ Oy) to (M, + ) is less than
0.25, the tide is classified as semidiurnal; whbe ratio is from 0.25 to 1.5, the tide is mixedimha

semidiurnal; where the ratio is from 1.6 to 3.& thde is mixed mainly diurnal; and where the rasio
greater than 3.0, it is diurnal.

The characteristics of diurnal inequality and asgttiightly variation can be explained by considgrihe
combination of diurnal and semidiurnal constituergsulting from the diurnal and semidiurnal tide
producing forces. As represented in Figure 5.10ere the semidiurnal constituent is represented by
dotted line and the diurnal constituent by the ddsline, the resultant tide, shown by a solid liise,
clearly the sum of the two constituents.

Semidiurnal plus Diurnal Constituent
-- - m2
1.000 R
0.800 — m2 + k1 ﬂ
€  0.600 A
' 0.400 7 S I IR & B ¢
e . "\ |-\ “ N “ I: ‘I I||I I
v 0.200 ' .‘ ’M, )-\: v'.\'" e £
a 0.000 1/';"':\(\'::;"
t .0.200 ,;:.',2'_-';/., \VJ
| Y " . T I, 1 £y
o ~0:400 :{7';.;-;;".'11-'.:\)“
n -0.600 !
-0.800 V v
-1.000 ‘ ‘ ‘ :
12-31-01 01-02-02 01-04-02 01-06-02 01-08-02 01-10-02
time
Fig. 5.10
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The relative ranges of the constituents at anytiocaas well as the relative times of the two ¢itnents,
depend not only on the relative magnitude and pludsthe tide producing forces, but also on the
hydrographic characteristics of the tidal basin tedlocal area. For this reason, the same tidéyzing
forces can result in different relative times amthges of the diurnal and semidiurnal constituehts a
different places. Figure 5.10 portrays the singalee where the ranges of the two constituentscural,e
but the relative time of the highs and lows variéis.each case, there is considerable diurnal ialégu
but there are profound differences in the phastheftide which exhibits the inequality. In the epp
diagram, where the low waters occur at the same,tiime diurnal inequality is exhibited in the low
waters. In the middle diagram, where the high vgabecur simultaneously, the inequality is exhitite
the high waters. And, in the lower diagram, whbeetwo constituents are at mean sea level ataime s
time, the inequality is featured equally in theHsgand the lows. These three diagrams depicthtiee t
general classes into which diurnal inequality datiheights are grouped.

In actually occurring tides, not only do the timafsthe constituents have different relations, thé t
ranges of the two constituents also differ. Réfethe lower diagram in Figure 5.10. If the ramgehe
semidiurnal constituent (dotted line) remains aswsh but the range of the diurnal constituent (ddsh
line) becomes greater, it can be seen that therlbvgd water will become lower, and the higher low
water will become higher. When the range of therrtl constituent becomes twice that of the
semidiurnal constituent, the lower high water amlhigher low water will be equal in height, resgtin

a ‘vanishing tide’. As the range of the diurnahsttuent increases further, there will be but bigs and
one low water in a day, a diurnal tide. Combinthg affects of time and range, it turns out thahd
range of the diurnal constituent is less than 2s&nhat of the semidiurnal constituent, there tdltwo
high and two low waters daily; if the diurnal rarigdbetween 2 and 4 times the semidiurnal there lpeay
two high and two low waters or there may be onlg bigh and one low water in a day; and if the dalirn
range exceeds 4 times the semidiurnal, only onte dungl one low water in the day will occur.

It should be noted that the magnitudes of bothrdiliand semidiurnal forces vary during the morttie, t
former being greatest at maximum north and soutfirdgion, the latter peaking when the Moon is over
the equator. The tide at a given place, therefexhijbits varying degrees of inequality within amyo
week period.

In reality, there are over 70 tidal constituentsalitcombine to produce the resultant tide. Of¢hésere
are four major semidiurnal constituents and thregpmdiurnal constituents which are combined i@ t
semidiurnal and diurnal constituents pictured iguFé 5.11.

Each constituent is based on some motion of ththEsloon or Sun, or combination thereof. The most
important of these constituents complete their eyeithin a month and all but the most insignificant
complete their cycle within about 18.6 years. TBeyear period of operation required for desigmate

a primary tide station is based on this timetailee whole-year period of 19 years is used rathen the
18.6 year cycle, because seasonal variations &a ofuch greater than some of the minor astronomic
constituents.
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TIDAL PREDICTIONS

Semidiurnal Constiluents

2.2 Operational Support Functions

This section covers the water level and verticatuha requirements for operational support of
hydrographic surveys. The scope of this suppardimsprised of the following functional areas:

tide and water level requirement planning;

preliminary tide and water level zoning development

control water level station operation;

supplemental water level station installation, egien and removal;
data quality control, processing, and tabulation;

tide and water level datum computation and datwuowery;
generation of water level reducers and final tatading.

@rpoooTw
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221 Error Budget Considerations

The water level reducers can be a significant cteréo soundings to reduce them relative to ctiatim
particularly in shallow water areas with relativéligh ranges of tide. The errors associated wikew
level reducers are generally not depth dependenteter. The portion of the error of the water leve
reducers must be balanced against all other sogratiors to ensure that the total sounding erraigbt

is not exceeded. The allowable contribution oféher for tides and water levels to the total syrerror
budget typically falls between 0.20 m and 0.45 meaeling on the complexity of the tides.

The total error of the tides and water levels carcdnsidered to have component errors of:

a. the measurement error of the gauge/sensor andgsiogeerror to refer the measurements
to station datum. (See IHO S-4% Edition 2008 Chapter 3.) The processing erroo als
includes interpolation error of the water levelthe exact time of the soundings. A
estimate for a typical processing error is 0.1@trthe 95% confidence level.

b. the error in computation of first reduction tidaltdms and for the adjustment to 19 year
periods for short term stations. The shorter iime series, the less accurate the datum, i.e.
bigger the error. An inappropriate control stataleo decreases accuracy. NOAA has
determined that the estimated error of an adjustied datum based on one month of data
is 0.08 m for the Atlantic and Pacific coasts arfllOn for the coast in the Gulf of Mexico
(at the 95% confidence level).

c. the error in application of tidal zoning. Tidal ring is the extrapolation and/or
interpolation of tidal characteristics from a knowtmore point(s) to a desired survey area
using time differences and range ratios. The gretite extrapolation/interpolation, the
greater the uncertainty and error. Estimatesyipical errors associated with tidal zoning
are 0.20 m at the 95% confidence level. Howevenqre for this component can easily
exceed 0.20 m if tidal characteristics are very glem or not well-defined, and if there are
pronounced differential effects of meteorology be water levels across the survey area.

222 Tide and Water Level Requirement Planning

The planning of tide and water level support fodiographic surveys requires attention to each ef th
seven functional areas listed above. In the caraéxhe complete survey operation and generation o
output product, the planning involves:

a. determination of overall error budget;

b. study of the tide and water level characteristicd he meteorological and oceanographic
environment;

c. determination of which control stations to use artht existing vertical control is in the
area, placement, logistics and time period of stesrh water level stations and equipment,
including GPS and geodetic datum connections;

d. construction of zoning schemes;

e. development of operational data collection, qualigntrol and data processing and
analyses functions;

f. development of final zoning and datum determinatpwacedures, application of water
level reducers to the hydrographic sheets and astmof final error budget.
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Project planning attempts to minimise and balahesd potential sources of errors through the ude an
specification of accurate reliable water level ggjgoptimisation of the mix of zoning required, the
number of station locations required and the lemgtbbservations required within practical limitstbe
survey area and survey duration. The practicatdiaiepend upon the tidal characteristics of tlea @and
suitability of the coastline for the installationdaoperation of appropriate water level gauges.

The hydrographer should plan operations to enswgectllection of continuous and valid data series.
Any break in the water level measurement seriesctdfthe accuracy of datum computations. Breaks in
data also result in increased error in the tideicets when interpolation is required to provideadstthe
time of soundings. At a critical measurement witeere the water level measurement data cannot be
transmitted or monitored during hydrographic oderst, an independent backup sensor or a complete
redundant water level collection system shouldniséailed and operated during the project.

The locations of tide stations are selected to rhgetsets of criteria. First, for adequate coverage
stations must be sufficient in number and approgisiadistributed to accurately portray the tidaheater
level regime for the survey area. Second, theiBpaites must be suitable for accurate measuremien
the full range of water levels experienced.

The density and distribution of tide gauges depeodsthe changes in water level (usually tidal)
characteristics of the survey area. The measureaiditde is generally planned to identify everyt @
change in range for areas with 3 m or less ranggryed.2 m change in range for areas with more than
3 m of range and to identify every 0.3 hour chaing8reenwich interval.

In determining coverage requirements, tidal charistics are first evaluated in a general geog@phi
sense. The type of tide and changes in the tymiurnal, diurnal, or mixed) are analysed. Toerse
from which the tide advances into the area is daterd and the strength of the tide is evaluateatixe

to seasonal and localised meteorological influenc@he areas of transition from tidal to non-tidal
regimes are particularly important, since non-tidiadas receive different treatment for low watauda
determination.

Next, the tidal characteristics are evaluated localised geographical context. Complex changesiroc

to the tide across shallow inlets, extensive marsimel narrow constrictions. Lagoons may cut offlti
flow at low water and constant river flow affecteettide at all stages. In large bays of compagbtiv
shallow depth having a small range of tide, thedaliras considerable affect on the time and height of
tide. This is also true in broad stretches ofdver along shores where the water is shoal. Mademn
influences such as bulkheads, dredging, dams, devseroelectric intakes and water level management
practices can have significant impacts.

After this analysis, approximate station locati@me identified. Stations are usually required othb
sides of any significant impediments to tidal float; frequent intervals in very shoal areas anchi t
narrow upper reaches of tidal rivers; at the hdathwigation or limit of survey of all rivers anttesams;

and on both sides of transitions from tidal to niolal or between diurnal, mixed, and semidiurndés.

The survey area is usually bracketed with statemghat extrapolation of water level reducers is no
required. When surveying exposed channel apprsashere depths are not much greater than the draft
of vessels, the water level data provided by ahdres gauge alone may not be accurate enough for the
reduction of soundings. In such surveys, a temgostation on an offshore structure may be very
desirable. Also, overlapping coverage is normplanned, so that at least two stations are opey&bin

any given portion of the survey area. This ovedags interpolation for zoning purposes and provide
some backup data should one gauge malfunction.
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In many cases, historical information is availaigl@ssist in planning water level coverage. Pryneard
secondary station information, as well as tide watker level data from previous hydrographic suryeys
provide good indications as to how many and appnately where tide stations may be required for a
new survey. Where historical information is noaidéable, the planner must estimate the requiremants
analysing data for nearby areas with similar plysiphic characteristics. In these situationssit i
prudent to err on the side of too many stationserathan being unable to provide satisfactory @driar

the entire survey area. Soundings acquired wishffitient tide control cannot be corrected withiada
from gauges installed after the survey.

2.2.3 Preliminary Tide and Water Level Zoning

Tide and water level zoning is a tool used to gdlate or interpolate the tide or water level vidoias
from the closest water level station to the surama. In many instances, interpolation or extraipah is

not necessary and water level reducers are prowuiedtly from the water level gauge referenced to
Chart Datum. In most cases, existing stationsnatenear the survey area or not enough water level
stations can be installed in a practical sensedwvige direct control everywhere. The estimatedrsrin

the extrapolation and interpolation of water levalsst be balanced with the total error budget. Mibee
stations which can be established throughout aesuavea, the less the zoning error. The moreositi
required, the higher the cost and logistical coxipfeof operations.

Any zoning scheme requires an oceanographic stfityeowater level variations in the survey arear F
tidal areas, co-tidal maps of the time and rangetidd are constructed based on historical data,
hydrodynamic models and other information sourc&ased on how fast the time and range of tide
progress through a given survey area, the co-iiked are used to delineate discrete geospatiaszoh
equal time and range of tide. Once this is coostd) time and range correctors to appropriate
operational stations or tide prediction stations oa calculated.

The techniques described above will provide coomsctn the immediate vicinity of a tide stationn |
many instances, the survey area will fall betwaem ér more tide stations, each of which has a difie
range of tide. In such situations, the correctorsthe intermediate area must be interpolated into
correction zones from the surrounding stationsmbst cases, the zoning provided with predictedstid
will be adequate for this purpose. However, shquiticted zoning be unavailable or proved incdrrec
the hydrographer can prepare co-tidal and co-rahgets in the field from preliminary observed water
levels.

A co-tidal chart portrays lines of equal Greenwighitidal intervals. For zoning in the field, cill
charts are usually drawn to show lines of equaétohhigh or low water before or after the releviamie
at a reference tide station.

Co-range charts portray lines of equal tidal ranger field use, the lines are usually labelledchwetios
relative to the reference station. These relakipssto the reference gauge facilitate the prejmaraif
reducers in the manner. Figures 5.12 and 5.13eaamples of co-tidal and co-range charts of a
hypothetical bay in which a survey is conducted.
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Fri1 TIDES

COMETRUCTIMG A CO-TIDAL CHART-TIME CLURVES

254

Fig. 5.12 and 5.13

Co-tidal chart— Co-tidal charts are generally constructed usig drawing tools. The following is a
simple manual example to illustrate some of thedfumentals. To construct a co-tidal chart, the
hydrographer should plot the reference station ahdecondary, tertiary and short-term tide station
the survey area. For best results, the survey steald be within a nearly equilateral triangleaor
guadrilateral formed by tide stations. For eactian, the time of arrival of high or low water bed or
after the time of arrival at the reference staimannotated. In some cases, the time differease=she
same for high and low water.

For simplicity, such a case is depicted in FiguE5 In many cases, however, separate co-tidatha
for high and low waters are required. Adjacent apgosite stations are connected by straight lines.
Periodic intervals along each line are then intiatieol and marked. The time segments used depemd up
the range of tide and the precision desired fouceds. For most areas, 10 min is a suitable iatdos
select. The corresponding interval marks alondydé@me are connected by a smooth curve as shown in
Figure 5.12. When two interpolated points conflmecedence is given to the mark along the shbiner
and to the marks on lines which the curves intérslsest to perpendicularity. In many instancths,
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survey areas are so complex that drawing of intatipm lines connecting stations is not practicad ¢he
co-tidal lines are placed by the oceanographeiguSirs tools.

Co-rangeCharts — As shown in Figure 5.13, the chart is [@id as for the co-tidal chart. Instead of
times, tidal ranges or range ratios to the referesttion are annotated. Each connecting line is
interpolated by increments, usually 0.1 m of rangehe equivalent ratio increment. Smooth co-range
lines are then drawn through the correspondingtpain each line, giving precedence in the same arann
as on co-tidal lines.

Zoning Charts — The zoning chart is constructed by ovartpyhe co-tidal chart on the co-range chart.
The hydrographer can then select regions in wtochpply range and time correctors to the reference
station height and time. Examination of Figurei25and 5.13 will reveal that the co-tidal lines ahd
co-range lines are not parallel. This different@iientation is typical of most areas and oftesults in
irregular shaped corrector zones which may not peraiionally efficient. For the purposes of
simplifying preliminary field correctors, howevehe hydrographer can adjust the size and shapenefsz

to accommodate the operational situation. For @@pnif a sounding system of east-west lines were
planned, it might be most efficient to alter thanes into east-west bands across the bay. It became
matter of judgment in balancing operational consitiens against the need for accuracy and precision
Regardless of the zoning selected by the hydrograiphthe field, however, final zoning will be bdse
on a complete analysis of the observed wat@&ldeand will be designed for maximum accuracy.

Offshorezoning — When it is impossible, as it is for offsa@oundings, to bracket a survey area with tide
stations, water-level zones must be selected ore imoretical considerations. Where the continenta
shelf is broad and the tidal wave approaches lgatalthe shore, as it does on much of the eaastonf

the United States, the tide will arrive offshoreliea than inshore. On other coasts, such as ttet ecast

of the United States, the tide wave is nearly padmeilar to shore with minimal time and range
differences offshore. For offshore sounding redsicestimates of time and range corrections to be
applied to coastal tide stations may be made fraistirg co-tidal charts or from existing ocean tide
models.

224 Control Water Level Station Operation

Control water level stations are those which alydaalve accepted datums computed for them and which
are typically in operation during the survey. ¥meay be operated by the agency or country perfogmi
the survey or maintained by another entity. Thematrol stations are typically used as referenoces f
tidal prediction, as direct sources of water lerelucers during survey operations, as a contra dat
source to which zoning correctors are applied arol for simultaneous comparison with short-term
stations for datum recovery or datum determinatidhese long-term control stations are usually phrt
each nation’s national network of tide and watgelestations.

2.25 Supplemental Water Level Station Requirements

These stations are used to provide time seriesdiaiag survey operations, tidal datum references a
tidal zoning which all factor into the productiof final water level reducers for specific surveyas.
Station locations and requirements may be moddier station reconnaissance or as survey opegation
progress.

The duration of continuous data acquisition shdadlch 30 day minimum except for zoning gauges. Data
acquisition is from at least 4 hours before theiln@gg of the hydrographic survey operations toodiris
after the ending of hydrographic survey operatiand/or shoreline verification in the applicableaae
Stations identified as '30 day’ stations are theaimh subordinate stations for datum establishment,
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providing tide reducers for a given project andHarmonic analysis from which harmonic constants fo
tide prediction can be derived. At these statiala&a must be collected throughout the entire surve
period in specified areas for which they are resplimnd not less than 30 continuous days are retjigre
accurate tidal datum determination. Additionakypplemental and/or back-up gauges may also be
necessary based upon the complexity of the hydndiecs and/or the severity of environmental
conditions of the project area.

A complete supplemental water level measuremetibstastallation shall consist of the following:

a. the installation of the water level measurementesys[water level sensor(s), ancillary
measurements sensors (if required), a Data Called®iatform (DCP) or data logger and
satellite transmitter (if installed)] and suppogtistructure for the DCP and sensor, and a
tide staff (if required).

b. the recovery and/or installation of a minimum numiasé bench marks and a level
connection between the bench marks and the watel kensor(s) and tide staff as
appropriate on installation and removal of the gmug Static GPS measurements should
also be made to a subset of the bench marks.

2.2.5.1 Water Level Measurement Systems
2.2.5.1.1 Water Level Sensor and Data Collection Platform

Various types of water level sensors and statiorfigorations are possible. There are several tgbes

water level sensors which are used by various cimsntor support of hydrographic surveys. The U.S.
uses air acoustic and pressure (vented) digitableulsystems for control and supplemental station i
tidal areas and float driven shaft angle encoderdife Great Lakes control stations, see Figurd.5.1
Many other types of float driven and internal namted pressure systems are deployed around the. glob

Fig. 5.14
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The sensor measurement range should be greatethithaxpected range of water level. Gauge/sensor
systems should be calibrated prior to deploymeut thie calibration should be checked after removal
from operations. The calibration standard’s aooyiraust be traceable to some national or internatio
standard. The required water level sensor resolusi a function of the tidal range of the areavhich
hydrographic surveys are planned. For tidal radege than or equal to 5 m, the required water level
sensor resolution should be 1 mm or better; faaltidnge between 5 m and 10 m, the required water
level sensor resolution should be 3 mm or betted; far tidal range greater than 10 m, the requivater
level sensor resolution should be 5 mm or better.

The data acquisition systems should acquire arrd stater level measurements at time steps reqtored
tabulation of the significant variations in the efatevels. For tides, the U.S. uses a 6 minutiesvial to
ensure tabulation of high and low tides to the estatenth of an hour. Other longer sampling iraksrv
may be appropriate for lakes and non-tidal ardésowgh the sampling interval should be short emoug
to measure any seiche action. Many sensors eniigsg sampling at high rates to provide a datatgdin
the sampling or reporting interval. NOAA systensg @ 3 minute average of higher rate samples from
the sensors to derive the 6 minute interval datatpo Sample statistical outliers and standardadiens

are then used as quality control parameters. Wetwet data loggers should have a clock accuracy of
within one minute per month. Known error sources dach sensor shall be handled appropriately
through ancillary measurements and/or correctigordhms. Examples of such errors are water dgnsit
variations for pressure gauges, barometric pressomnection for non-vented systems, sound path air
temperature differences for acoustic systems aghl fiequency wave action and high velocity currents
for all sensor types.

For tidal datum applications, it is important faugies and sensors to be carefully maintained \itilere
frequent calibration checks or cycled swaps ofbcated sensors for long-term installations. Thesse
‘zero’ must be precisely related to either a tideffsand/or the bench marks through staff/gauge
comparisons or direct levelling between the seasal the bench marks. Vertical stability of thessen
‘zero’, both physically and internally, must be rnitored and any movement taken into account in the
data reduction and datum computation.

The hydrographer should install a tide staff ataian if the reference measurement point of a@ens
(zero of a gauge) cannot be directly levelled ®ltdtal bench marks, i.e. orifice is laid over #ear in
case of pressure based bubbler gauges. Evenrdsayse gauge can be levelled directly, staff regdi
are still required for assessment of variationgange performance due to density variations insthter
column over time. The tide staff should be mounbgipendent of the water level sensor so thatligyab
of the staff or sensor is maintained. Staff shawdtibe mounted to the same pile on which the watei
sensor is located. The staff should be plumbedhemtwo or more staff scales are joined to forrarey|
staff, the hydrographer should take extra carensuee the accuracy of the staff throughout its tleng
The distance between staff zero and the rod stoplélbe measured before the staff is installedadtedt

it is removed and the rod stop above staff zerghteihould be reported on the documentation forms.

2.2.5.1.2 Tide Staffs

In areas of large tidal range and long sloping beadi.e. Cook Inlet and the Gulf of Maine), the
installation and maintenance of tide staffs canekizemely difficult and costly. In these cases th
physical installation of a tide staff(s) may be stitited by systematic levelling to the water’s edigpm
the closest bench mark. The bench mark becomesta stop” and the elevation difference to the
water's edge becomes the “staff reading”.

When using pressure sensors, for instance, a sefigauge/staff comparisons through a significant
portion of a tidal cycle should be required at skert, at frequent intervals during deployment ahthe
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end of a deployment. The staff to gauge obsematit the start and end of deployment should beaat
each three hours long and the periodic observatianag the deployment should be 1 hour long.

In general, the gauge and staff should be readltsineously and recorded once a day (minimum ofethre
days in each seven day period) for the duratiothefwater level measurements. The average staff-to
gauge difference should be applied to water levehsurements to relate the data to staff zero. uereq
gauge/staff comparisons (at least three times pmgkwor minimum eight times per month) during
deployment should be required to assist in assumiegsurement stability and minimising processimpgty
errors. A higher number of independent staff negslidecrease the uncertainty in transferring the
measurements to station datum and the bench mé#rlagistically, it is not practical to have a lldide
observer or for the field party to visit the statibecause the survey area is a long distance fn@m t
station, then whenever visits are made, a ‘buestide of several staff readings should be made aver
few hours time period instead of one discrete readi

If the old staff is found destroyed by elementsmyithe deployment, then a new staff should beallest
for the remainder period of the deployment andwa st&ff to gauge constant needs to be derived tay ne
sets of staff to gauge observations.

2.2.5.1.3Bench Marks and Levelling

A network of bench marks is an integral part ofrgwgater level measurement station. A bench msurk i
a fixed physical object or marker (monumentaticet)fer stability and used as a reference to th&oatr
and/or horizontal datums. Bench marks in the iigiof a water level measurement station are used a
the reference for the local tidal datums derivadrirthe water level data. The relationship betwiben
bench marks and the water level sensor or tidé atafestablished by differential levelling. Sirgauge
measurements are referenced to the bench maf&ipws that the overall quality of the datums ey
dependent on both the quality of the bench martaliasion and the quality of the levelling betweibe
bench marks and the gauge.

2.2.5.1.4 Number and Type of Bench Marks

The number and type of bench marks required depemdise duration of the water level measurements.
Each station typically has one bench mark desighasethe primary bench mark (PBM), which should be
levelled to on every run. The PBM is typically tmest stable mark in close proximity to the watarel
measurement station. The most desirable bench foakPS observations will have from 10° above the
horizon 360° of horizontal clearance around thekmdf the PBM is determined to be unstable, anothe
mark should be designated as PBM. The date ofgehand the elevation difference between the old and
new PBM should be documented. For stations ilestdbr longer than one-month, from 3 to 5 bench
marks should be established or recovered and éz/édl for each station.

2.2.5.1.5Levelling

At least third-order levels should be run at sherta subordinate stations operated for less thanyear.
Levels should be run between the water level sés)sor tide staff and the required number of bench
marks when the water level measurement statiamstslied, modified (i.e. water level sensor serdioe
replaced), for bracketing purposes or prior to reaho In any case, levels are required at a maximum
interval of six months during the station's op@natand are recommended after severe storms, huesca
earthquakes to document stability (see stabilisgutised below).
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Bracketing levels to appropriate number of markee(for 30-day minimum stations) are required if
smooth tides are required 30 days or more prithegplanned removal of a applicable gauge(s) er &ft
months for stations collecting data for long teryditographic projects.

2.2.5.1.6 Stability

If there is an unresolved movement of the wateelleensor or tide staff zero relative to the PBMnf
one levelling to the next, of greater than 0.01Ghe, hydrographer should verify the apparent moveme
by re-running the levels between the sensor zertderstaff to the PBM. This threshold of 0.010 m
should not be confused with the closure toleranses! for the order and class of levelling.

2.2.5.1.7 GPS Observations at Bench Marks

Static GPS surveys should be conducted on a miniofunme bench mark, preferably two marks if time
and resources permit, at each subordinate watel $tation installed/occupied for hydrography. tiSta
GPS surveys should be conducted at water levebssatoncurrently with the occupation of NAVD 88
marks, if possible, to accomplish water level dattamsfers using GPS-derived orthometric heights.

High accuracy static differential GPS surveys regai geodetic quality, dual frequency, full-wavejgn
GPS receiver with a minimum of 10 channels for kisg GPS satellites. A choke ring antenna is
preferred, however, any geodetic quality grounch@lantenna may be used. More important than
antenna type, i.e. choke ring or ground planehd the same antennas or identical antennas sheuld
used during the entire observing sessions. Ifaagrrection for the difference in antenna phageems
(modelled phase patterns) must be applied. Thastiemely critical for obtaining precise verticabults.
The antenna cable length between the antenna aeitvee should be kept to a minimum when possible;
10 meters is the typical antenna cable lengtha libnger antenna cable is required, the cable imeist
fabricated from low loss coaxial cable ( RG233dprto 30 meters and RG214 over 30 meters).

The most desirable bench mark for GPS observatighishave from 10° above the horizon 360° of
horizontal clearance around the mark. Newly esthbtl marks should be set in locations which hhee t
required clearances, if at all possible.

Meteorological data (air temperature, barometriespure and relative humidity) need to be colledfed,
available, during the GPS observations. Meteoioldglata should be collected at or near the amtenn
phase centre. All equipment should be checkegraper calibration periodically.

2.2.5.2 Station Documentation

The documentation package:

installation of a station;
performance of bracketing levels;

gauge maintenance and repair;
removal of the station.

ooy

The station documentation generally includes, uiot limited to the following:

a. calibration test documentation from an independentce other than the manufacturer for
each sensor used to collect water level or angitlata;

b. a station report documenting the station configarainformation and related metadata;
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c. new or updated nautical chart section or equivatesy indicating the exact location of the
station, with chart number or map name and scale/ish

d. large-scale sketch of the station site and digit$ compatible file provided on diskette
showing the relative location of the water levalige, staff (if any), bench marks and major
reference objects found in the bench mark desonpti The sketch should include an
arrow indicating north direction, a title block,titade and longitude (derived from
handheld GPS) of the gauge and all bench marks;

e. new or updated description of how to reach theicstafrom a major geographical
landmark;

f. photographs of station components and bench malkgital photographs are preferred.
As a minimum, photographs should show a view ofwiager level measurement system as
installed, including sensors and gauge housingoat fview of the staff (if any); multiple
views of the surroundings and other views necedsatpcument the location; photographs
of each bench mark, including a location view andiase-up showing the bench mark
stamping. All photographs should be annotated rafiedrenced with the station name,
number, location and date of the photograph;

g. description/recovery notes of bench mark;
h. level records and level abstract, including lewplipment information;

i. datum offset computation worksheet or Staff/Gauifier@nce work sheet as appropriate
showing how sensor ‘zero’ is referenced to the benarks.

2.2.6 Data Processing and Tabulation
2.2.6.1 Data Quality Control

The required output product used in generationide teducers and for tidal datum determination is a
continuous time series of discrete interval whdeel data for the desired time period of hydrogsapnd

for a specified minimum time period from which terive tidal datums. (Note: this discrete time
interval is typically 6 to 10 minutes but for dission purposes, 6 minutes will be used.) The @utain
interval water level data from the water level gasighould be quality controlled for invalid andsect
data as a final review prior to product generaaod application. This includes checking for deapsg)
data discontinuities, datum shifts, anomalous @atats, data points outside of expected tolerasceh

as expected maximum and minimum values and for almra trends in the elevations due to sensor drift
or vertical movement of the tide station componamis$ bench marks.

Quality control should include comparisons with gitaneous data from backup gauges, predicted tides
or data from nearby stations, as appropriate. [@aliéing and gap filling should use documented
mathematically sound algorithms and proceduresaanalidit trail should be used to track all charayes
edits to observed data. All inferred data sho@dppropriately flagged. Water level measuremieats
each station should be related to a single, comahadtim, referred to as Station Datum. Station Datum
an arbitrary datum and should not be confused witldal datum such as MLLW. All discontinuities,
jumps or other changes in the gauge record (reftre specific gauge user’s guide) which may betdue
vertical movement of any one of the gauge, stafhemch marks should be fully documented. To avoid
confusion all data should be recorded on UTC (Qlirated Universal Time — also known as Greenwich
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Mean Time - GMT) and the units of measurement khbe properly denoted on all hard-copy output
and digital files.

2.2.6.2 Data Processing and Tabulation of the Tide

The continuous 6 minute interval water level data ased to generate the standard tabulation output
products. These products include the times andhkeiof the high and low waters, hourly heights,
maximum and minimum monthly water levels and montimean values for the desired parameters.
Examples of these tabulation products are fourféignre 5.15 for tide stations. The times and hisigif

the high and low waters should be derived from appate curve-fitting of the 6 minute interval data
For purposes of tabulation of the high and lowdidad not non-tidal high frequency noise, successiv
high and low tides should not be tabulated unlesyg tire appropriately derived. Hourly heights $tiou
be derived from every 6 minute value observed enhibur. Monthly mean sea level and monthly mean
water level should be computed from the averageehourly heights over each calendar month of. data
Data should be tabulated relative to a documentetsistent station datum such as tide staff zero,
arbitrary station datum, MLLW, etc. over the dupatiof the data observations. Descriptions of ganer
procedures used in tabulation are also found in Tt and Current Glossary, Manual of Tide
Observations and Tidal Datum Planes.

2.2.6.3 Data Editing and Gap Filling Specifications

When backup sensor data are not available, dawiggminute data should not be filled if the gaps
greater than three consecutive days in length.a Bap filling should use documented mathematically
and scientifically sound algorithms and procedumed an audit trail should be used to track all fijégp-

in observed data. Data gaps of less than 3 hamsbe inferred using interpolation and curve-fitin
techniques. Data gaps of longer than 3 hours dhaeé external data sources such as data fronrlynea
station. All data derived through gap-filling pealures should be marked as inferred. Individoallly
heights, high and low waters, and daily means ddriirom inferred data should also be designated as
inferred.

2.2.6.4 Computation of Monthly Means

When tabulation of the tides covers monthly timaqus, monthly means of the various tidal parangeter
are computed for subsequent use in tidal datunrrdatation and for quality control of long term data
sets. Monthly mean sea level, for instance, isngoortant parameter for understanding long term sea
level trends and seasonal variations in water $evEbr purposes of monthly mean computation, mpnth
means should not be computed if gaps in data aaerthan three consecutive days.
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Fig. 5.15 “Example of a Monthly Tabulation of theTide”

Jan 28 2003 08:24 HIGH/LOW WATER LEVEIADA October, 2002
National Ocean Servid®©AA)

Station: 8454049 TM.: O0OW
Name: QUONSET POINT, RI UnitsMeters
Type: Mixed Datum: Station Datum
Note: > Higher-High/Lower-Low [] Inferrefide  Quality: Verified
High Low High Low
Day Time Height Time Height Day Time Height Time Height
1 7.5 8.037 2.4 7.326 16 <9.7 [8.292] 2.6 7.394
<20.2 8.071 <12.9 7.197 <21.3 8.782 14.6 7.563
2 8.8 8.000 2.6 7.173 17 10.6 8.345 <6.0 7.470
<21.4 8.176 <14.3 7.066 <22.8 8.323 <154 7.245
3 9.5 8.233 3.2 7.157 18 10.7 8.257 4.0 7.248
<22.3 8.314 <15.6 7.049 23.3 8.230 16.7 7.196
4 10.5 8.525 4.1 7.163 19 <11.8 8.296 <43 7.140
<23.1 8.599 <16.3 7.057 <23.4 8.292 17.1 7.204
5 <115 8.632 4.4 7.109 20 <5.0 7.066
23.8 8.466 <17.1 6.873 12.4 8.209 <17.5 6.994
6 <5.8 6.670 21 0.4 [8.128] 5.8 7.036
12.2 8.477 18.2 6.832 <12.8 8.297 18.1 7.090
7 <0.5 8.582 <6.4 6.961 22 0.9 8.142 <6.5 6.999
<13.3 8.819 19.2 6.969 <134 8.216 19.0 7.040
8 1.3 8.457 6.9 6.888 23 1.4 [8.075] <6.9 7.013
<14.0 8.644 <20.1 6.877 <13.7 [8.180] <19.1 6.915
9 2.3 8.355 <7.9 6.852 24 2.1 7.934 7.3 6.969
<14.9 8.631 20.9 6.986 <14.7 8.164 19.9 7.093
10 3.4 8.316 <8.2 6.969 25 2.9 [7.993] <8.0 7.047
<15.8 8.497 21.2 7.086 <154 8.156 <20.3 7.136
11 4.3 8.240 <94 7.129 26 3.8 [8.061] 8.3 7.204
<16.7 8.455 22.1 7.305 <16.2 8.607 23.5 7.389
12 5.2 8.295 <10.3 7.380 27 4.6 7.974 <9.1 7.090
<17.7 8.462 <17.1 8.216 21.9 7.348
13 5.9 8.266 0.5 7.481 28 5.4 7.860 <10.5 7.064
<18.7 8.344 11.8 7.461 <17.9 8.008
14 6.8 8.077 <2.2 7.401 29 6.2 7.949 1.5 7.243
<20.1 8.161 <12.7 7.190 <18.6 8.042 <11.6 7.109
15 8.3 8.156 2.0 7.349 30 7.3 [8.052] <15 7.197
20.9 8.273 <14.1 7.344 <20.0 [8.154] 13.0 7.211
31 8.3 8.215 2.1 7.239
<20.7 8.290 <14.1 7.222
Highest Tide: 8.819 13.3 Hrs Qck002
Lowest Tide: 6.670 5.8 Hrs (x2002
Monthly Means: MHHW  8.357
MHW  8.272 DHQ 0.085
MTL 7.707 GT 1.266 HWI 0.42 Hrs
DTL 7.724 MN 1.131 LWI 6.13 Hrs
MSL 7.668
MLW 7.141 DLQ 0.050
MLLW  7.091
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2.2.7 Computation of Tidal Datums

A vertical datum is called a tidal datum when itefined by a certain phase of the tide. Tidalioest are

local datums and should not be extended into andash have differing hydrographic characteristics
without substantiating measurements. In orderttieyt may be recovered when needed, such datums are
referenced to fixed points known as bench marks.

Basic Procedures:

a. Make Observations Fidal datums are computed from continuous obseymatiof the
water level over specified lengths of time. Obaéinns are made at specific locations
called tide stations. Each tide station consi$ta water level gauge or sensor(s), a data
collection platform or data logger and data tramssion system and a set of tidal bench
marks established in the vicinity of the tide stati The US National Ocean Service (NOS)
collects water level data at 6 minute intervals.

b. Tabulate the Tide- Once water level observations are quality corgtbland any small
gaps filled, the data are processed by tabulatisghtgh and low tides and hourly heights
for each day. Tidal parameters from these dabyl&tions of the tide are then reduced to
mean values, typically on a calendar month basiddimger period records or over a few
days or weeks for shorter-term records.

c. Compute Tidal Datums First reduction tidal datums are determined diyelsy meaning
values of the tidal parameters over a 19 year NTDEtional Tidal Datum Epoch).
Equivalent NTDE tidal datums are computed from sitkgtions operating for shorter time
periods through comparison of simultaneous datadxat the short term station and a long
term station.

d. Compute Bench Mark Elevations Once the tidal datums are computed from the
tabulations, the elevations are transferred to hbech marks established on the land
through the elevation differences established Wfemdintial levelling between the tide
gauge sensor ‘zero’ and the bench marks duringstiion operation. The bench mark
elevations and descriptions are disseminated by t@®igh a published bench mark sheet
for each station. Connections between tidal dadlewations and geodetic elevations are
obtained after levelling between tidal bench maaksl geodetic network benchmarks.
Traditionally, this has been accomplished usingfedintial levelling, however GPS
surveying technigues can also be used (NGS, 1997).

The locations of tide stations are organized inbdeaarchy:

a. Control tide stationare generally those which have been operated¥ar Inore years, are
expected to continuously operate in the futureamedused to obtain a continuous record of
the water levels in a locality. Control tide stas are sited to provide datum control for
national applications and located in as many plasaseeded for datum control.

b. Secondary water level statioase those which are operated for less than 1%\ymdrmore
than 1 year and have a planned finite lifetimeco®eary stations provide control in bays
and estuaries where localized tidal effects arerealized at the nearest control station.
Observations at a secondary station are not ussalfjcient for a precise independent
determination of tidal datums, but when reduced doynparison with simultaneous
observations at a suitable control tide statioty gatisfactory results may be obtained.
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c. Tertiary water level stationare those which are operated for more than a miouthess
than 1 year. Short-term water level measuremeitioss (secondary and tertiary) may
have their data reduced to equivalent 19 year tdilums through mathematical
simultaneous comparison with a nearby control@tati

Control (or primary) tide stations, secondary stadiand tertiary stations are located at stralegations
for network coverage. The site selection critém@dude spatial coverage of significant changetidal
characteristics such as: changes in tide tymmads in range of tide, changes in time of tidanges in
daily mean sea level and changes in long term rsearievel trends. Other criteria include coveraige
critical navigation areas and transitional zonéstonical sites, proximity to the geodetic netward the
availability of existing structures, such as pisutable for the location of the scientific equiprhe

Procedure for Simultaneous Comparison:

Conceptually, the following steps need to be cotedldn order to compute equivalent NTDE tidal
datums at short term stations using the metho@mwiparison of simultaneous observations:

a. select the time period over which the simultanemmparison will be made;
b. select the appropriate control tide station fordhbordinate station of interest;

c. obtain the simultaneous data from subordinate amdral stations and obtain or tabulate
the tides and compute monthly means, as appropriate

d. obtain the accepted (relative to the NTDE in th&.Uor example) values of the tidal
datums at the control station;

e. compute the mean differences and/or ratios (asoappte) in the tidal parameters between
the subordinate and control station over the pesicgimultaneous comparison;

f. apply the mean differences and ratios computedein s, above, to the accepted values at
the control station to obtain equivalent or coredcNTDE values for the subordinate
station.

Compute Bench Mark Elevations.

Once the tidal datums are computed from the taioulst the elevations are transferred to the bench
marks established on the land through the elevatiiffierences established by differential levelling
between the tide gauge sensor ‘zero’ and the benabks during the station operation (NOS
Specifications and Deliverables, 2000). Connestitretween tidal datum elevations and geodetic
elevations are obtained after levelling betweemltidench marks and geodetic network benchmarks.
Traditionally, this has been accomplished usinfedéitial levelling, however GPS surveying techeigju
can also be used (NGS, 1997).

2.2.7.1 Tidal Datum Recovery

Whenever tide stations are installed at historisidés, measures should be taken to ‘recover’ the
established tidal datums through levelling whichudd be accomplished by referencing the gaugeder ti
staff ‘zero’ to more than one existing bench maith a published tidal elevation. Through this ¢gess,

the published MLLW elevation is transferred by ledéferences to the ‘new’ gauge or tide staff and
compared to the MLLW elevation computed from the/mata on the same ‘zero’. Factors affecting the
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datum recovery (i.e. differences between old andyeomputed datums) include the length of eacla dat
series used to compute the datums, the geogragdbztion, the tidal characteristics in the regitre
length of time between re-occupations, the seal lgends in the region and the control stationduse
Based on all of these factors, the datum recovenybe expected to vary from +/- 0.03 m to +/- Q)8
Hence, this process also serves as a very usedlityqeontrol procedure. After a successful datum
recovery is performed and benchmark stability isl@shed, the historical value of Mean Lower Low
Water (MLLW) should be used as the operational mlateference for data from the gauge during
hydrographic survey operations.

2.2.7.2 Quality Control of Datums

It is essential for tidal datum quality controlhave data processing and levelling proceduresechaouit

to the fullest extent. Caution must also be useddmputing tidal datums in riverine systems or in
regions of unknown tidal regimes. Tide-by-tide gamisons between subordinate and control station
data will often detect anomalous differences wisichuld be investigated for possible gauge malfoncti
or sensor movement. Datums should be establistoed fore than one bench mark. Differences in
elevations between bench marks based on new legelliust agree with previously established
differences from the published bench mark she#ny changes in the elevation differences must be
reconciled before using in any datum recovery mlooe. Datum accuracy at a subordinate station
depends on various factors, but availability andiad of an adequate control station of similar Itida
characteristics, similar daily mean sea level asbsnal mean sea level variations, and similateseh
trends are the most important. The length of saxidl also determine accuracy. The longer théeser
the more accurate the datum and the greater quadityrol and confidence gained from analyzing
numerous monthly mean differences between the ditmie and control station. At re-occupied
historical stations for which datum recoveries ar&de, updated datums should be computed from the
new time series and compared with the historicairda as the survey progresses.

2.2.7.3 Geodetic Datum Relationships

Tidal datums are local vertical datums which magrge considerably within a geographical area. A
geodetic datum is a fixed plane of reference fatie@ control of land elevations. The North Antenm
Vertical Datum of 1988 (NAVD 88) is the acceptedodetic reference datum of the U.S. National
Geodetic Spatial Reference System and is officisillgported by the National Geodetic Survey (NGS)
through a network of GPS continuously operatingnezfice stations. The relationship of tidal dattons
NAVD has many hydrographic, coastal mapping andremging applications including monitoring sea
level change and the deployment of GPS electrdméctaisplay and information systems, etc. In some
countries, the local datum of Mean Sea Level (M8&¥ been confused over time with the national
geodetic reference datum because the geodetic datenme originally derived from MSL measurements
at tide gauges. However as relative sea levelchasged with vertical land movement and global sea
level rise, the geodetic datums became de-coupieah focal oceanographic MSL. NAVDS88, for
instance, used only one tide station as a staréifegence and is not considered a MSL correlatéahta

Existing geodetic marks in the vicinity of a suboate tidal station should be searched for andvereal.

A search routine is available #ttp://www.ngs.noaa.gov An orthometric level connection and
ellipsoidal GPS tie is required at a subordinatke tstation which has geodetic bench marks located
nearby. NAVD 88 height elevations for publishechdd®e marks are given in Helmert orthometric height
units by NGS. The GPS ellipsoid network heightuaacies are classified as conforming to 2 cm om5 ¢
standards accuracies (Refer to NOAA Technical Mamdum NOS NGS-58). At the present time, GPS
ellipsoid heights conforming to the 2 cm accuratgndards are required for contract hydrographic
surveying projects. Refer to Section 4.2.8 GPSe®Magions and User’'s Guide for GPS Observations,
NOAA/NOS, updated January 2003.
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An orthometric level connection is preferred ovélipsoidal GPS tie, where applicable, for deriving
NAVD 88 heights. An orthometric level connectiarequired if any geodetic marks (up to five marks)
are located within a radius of 0.8 km from the gdbmate tide station location. If suitable marke a
found in the NGS database, and are farther thark®.®ut less than 10 km from a subordinate tide
station, then a GPS tie is required to derive thipseid heights. If a minimum of five existingdtl
bench marks within 1 km of a subordinate tide statdocation are not found, or suitable geodetick®ar
are not found in the NGS database within 10 km siilaordinate tide station, then five new bench mark
should be installed, described, connected by lexald GPS observations should be undertaken on at
least one of the five marks. (Refer to User’s @uiok Writing Bench Mark Descriptions, NOAA/NOS,
Updated January 2002, User’'s Guide for GPS ObdenstNOAA/NOS, Updated January 2003, and
Section 4.2.8 GPS Observations.) At least two ggocdench marks should be used to validate the
levelling or GPS ellipsoid height connection foratjty control purposes.

2.2.8 Final Zoning and Tide Reducers

Data relative to MLLW from subordinate stationstaied specifically for the survey, or from exigin
primary control stations, as appropriate, shouldyglied to reduce sounding data to chart datutheei
directly or indirectly through a correction technéjreferred to as tidal zoning. Whether corrected
direct, time series data relative to MLLW or otlagplicable LWD applied to reference hydrographic
soundings to chart datum are referred to as ‘edecers’ or ‘water level reducers’.

2.2.8.1 Construction of Final Tidal Zoning Schemes

As tidal characteristics vary spatially, data frdeployed water level gauges may not be represeetati
water levels across a survey area. Tidal zoniogllshbe implemented to facilitate the provisiortiofe
series water level data relative to chart datumafoy point within the survey area such that préscti
accuracy requirements are maintained for the watesl measurement component of the hydrographic
survey. NOS currently utilises the ‘discrete tidahing’ method for operations, where survey agas
broken up into a scheme of cells bounding areasoofimon tidal characteristics. The minimum
requirement is for a new cell for every 0.06 m d®ann mean range of tide and every 0.3 hour
progression in time of tide (Greenwich high and lvater intervals). Phase and amplitude corrections
for appropriate tide station data should be assigoeach cell.

Preliminary zoning, which is based on availablédrisal tide station data and estuarine and gltidal
models, is referenced to an applicable predictreference station for utilisation during field worlEor
final processing, preliminary zoning should be sspded by ‘final zoning’ which is a refinement baise
on new data collected at subordinate stations duha survey. With the final zoning scheme, cdmec

for each zone should be derived from a subordisiatton specifically installed for the survey rathean

the reference station used with preliminary zonigning errors should be minimized such that when
combined with errors from actual water level measwnt at the gauge and errors in reduction to chart
datum, the total error of the tide reducers is imitpecified tolerances. The final zoning scheme all
data utilized in its development should be docuee@@ind submitted.

2.2.8.2 Tide Reducer Files and Final Tide Note

Verified time series data collected at approprgatbordinate stations are referenced to the NTDEnMea
Lower Low Water (Chart Datum) through datum compataprocedures. Time series data collected in
six minute intervals and reduced to chart datunspecified, both from subordinate gauges operated
during the survey should be used either directlgarected through use of a zoning scheme such that
tide reducers are within specified tolerances. ifAaF Tide Note should be submitted for each
hydrographic sheet with information as to what ffitidal zoning should be applied to which statidos
obtain the final tide reducers. An example Findé tNote and final tidal zoning graphic is found in
Figures 5.16 and 5.17.
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Fig. 5.16 “FINAL TIDE NOTE and FINAL TIDAL ZONING CHART”

DATE: December 22, 1999

HYDROGRAPHIC BRANCH: Pacific
HYDROGRAPHIC PROJECT: OPR-P342-RA-99
HYDROGRAPHIC SHEET: H-10910

LOCALITY : 6 NM Northwest of Cape Kasilof, AK
TIME PERIOD: July 22 - August 20, 1999

TIDE STATION USED: 945-5711 Cape Kasilof, AK

Lat. 60°20.2'N  Lon. 151 22.8'W
PLANE OF REFERENCE (MEAN LOWER LOW WATER): 0.000 meters
HEIGHT OF HIGH WATER ABOVE PLANE OF REFERENCE: 5.850 meters

REMARKS: RECOMMENDED ZONING

Use zone(s) identified as: CK394, CK395, CK399406, CK401,

CK407, CK408, CK409, CK434, CK435, CK441, CK442, 48, CK467, CK468, CK469, CK470,
CK477, CK480, CK481, CK482, CK483, CK493 & CK494.

Refer to attachments for zoning information.

Note 1: Provided time series data are tabulatedetric units
(Meters), relative to MLLW and on Greenwich Meamé&i

Note 2: Nikiski, AK served as datum control fobsudinate tide stations and for tidal zoning irsthi
hydrographic survey. Accepted datums for thisatatave been updated recently and have changed
significantly from previous values.

The current National Tidal Datum Epoch (NTDE) usedompute tidal datums at tide stations is the
1960-78 NTDE. Traditionally, NTDEs have been atjdsvhen significant changes in mean sea level
MSL) trends were found through analyses amongsiiitional Water Level Observation Network
NWLON) stations. Epochs are updated to ensurtetidiel datums are the most accurate and practical
or navigation, surveying and engineering aﬁplmmi and reflect the existing local sea level coodg.
For instance, analyses of sea level trends shavathew NTDE is necessary and efforts are undetway
update the 1960-1978 NTDE to a more recent 19 tymarperiod.

Note: This example of Field Tide Note and Finalalidoning Chart was written in December 1999, at
that time NTDE was 1960-1978, now the new NTDE983:2001.
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Final Tidal Zening for OPR-P 342 -RA 99

' Cook Inlet, AK - Sheet H-109107 ° B
e S L P "_da

The final observed water level measurements shbeldeported as heights in meters to three decimal
places (i.e. 0.001 m). All heights should be refieed to station datum and should be referenceld @
The final tide reducer time series data shouldeberenced to MLLW and should be referenced to UTC.

The original raw water level data and also theeaxiors used to convert the data to chart datumidtoeu
retained until notified in writing or at least twears after the survey is completed. All algorishamd
conversions used to provide correctors should By ®upported by the calibrations, maintenance
documentation, levelling records and sound enging&rceanographic practices.  Sensors for
measurements used to convert data (i.e. pressureights) should be calibrated and maintainedHer t
entire water level collection period.

2.2.9 Using Kinematic GPS for Vertical Control

The technology of using Kinematic GPS for verticahtrol in hydrographic surveying is becoming much
more commonplace after being in a research-to-tipesamode for several years. Kinematic GPS is a
form of centimetre level-differential positioninghieh uses primarily carrier phase observables irthvh
the differential corrections are formulated in eorgtion with a mobile GPS receiver (i.e. a ship or
launch) and at least one static base station.

Kinematic GPS requires an accurate horizontal artical reference frame in order to determine an
accurate position on each sounding, relative to BALfor instance), and to determine an accuratéhdep
of each sounding such as MLLW, LAT or other appiatgrlocal chart datum. The issue of determining
the separation between kinematic differential GBBisal datum and the local chart datum is impdrtan
to resolve for each survey area. This separasamot constant and may be quite complex. They are
usually not well known and may require additionaasurements to understand the complexity of the
geodesy in the area as well as the tidal charatiteyri Constant relationships may be adequatenail s
survey areas, simple interpolation in others; omglex interpolation models and continuous zoning
schemes may be required. Tidal datums, bathynsetdy geodesy must be put into the same vertical
reference frame prior to the survey operations.
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The availability of control for use of kinematic GFor surveying must be evaluated during plannimdj a

if required, geodetic and tidal datum control mibst established before operational collection of

soundings to establish the relationship of theltalum and GPS reference surfaces throughout the
survey area. The amount of field work requireddépendent on the adequacy of existing tide and
geodetic control (NOS, 2000).

3. WATER LEVEL FLOW AND TIDAL CURRENTS
3.1 Introduction

The hydrographer is required to have working knolge of predicted and observed oceanographic and
meteorological conditions to be able to conducicessful field data collection surveys and to comnduc
safe and efficient navigation necessary for theeyts. Besides the rise and fall of the tides, titial
currents are often a predominant variable thacedffield operations. Often the hydrographer isardy
required to take soundings for nautical chart potidn, but must assess the tidal characteristidstiaa
movements of the tidal currents and be able tordest¢hem for such applications as the coast pilot
volumes and tidal prediction products. In addititime hydrographer is often required to deploy and
retrieve current meter instrumentation and mootings

3.2 Principles of Tidal Currents

Water current is horizontal movement of water. r€nits may be classified as tidal and non-tidaldali
currents are caused by gravitational interactiostsveen the Sun, Moon, and Earth and are part of the
same general movement of the oceans which resulisei vertical rise and fall of the tide. Non-tida
currents include the permanent currents in the rgé@culatory systems of the sea as well as teanyo
currents arising from more pronounced meteoroldgiadgability.

Much like tidal datums and heights, various cowstruse various terminology to describe the same
phenomena. The United Kingdom uses the term stfehms instead of tidal current and the term tidal
flow to describe the actual flow or total curretdvf, which is a combination of tidal and non-tidal
components.

Residuals are sometimes referred to as the differeetween observed total and predicted tidal ntsre
or the difference between tidal streams and tidaV.f Although tidal currents are derived from game
tide producing forces as the tide, tidal curremesrauch more variable and complex to predict themn t
tidal heights. The rise and fall of the tide ismied a scalar (varying heights only) quantity whitkl
currents are vector (both speed and associatectidimevary) quantities. Speed and direction ofrents

at a given location not only vary over time, buthwilepth as well. And the characteristics of theent

at any given location cannot be extended very éspecially in areas of complex shallow water
bathymetry and complex topography (shoreline caméigons). Current patterns in complex areas also
may exhibit eddies and gyres of various sizes pdiyubathymetry and channel configuration on shallo
waters. It is not uncommon to find current sheattggns in which there are significant changes in
direction and amplitude. Because of this spaaaiability, tidal predictions derived from a cuntemeter
measurement are typically only valid for a sma#laaat a given depth, and are not necessarily aaidé
within a region or throughout a water column.

Types of non-tidal currents include:
. Oceanic circulation currents;

. Gyres, Western and Eastern Boundary currents, Bqalbtounter-current, etc.;
. Thermohaline circulation;
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. Wind driven currents (Ekman to about 100M);
. Seiches;
. River flow and hydraulic currents.

In the open ocean, tidal currents or streams ter trotary in nature (Figure 5.18). In theorthié earth
were covered completely by water, at the time wienmoon or sun is aligned with the Equator, tdalti
currents at the equator would move back and fa#st(and west) in a reversing manner in response to
the tides. With latitude, the currents would shalliptical patterns increasing with latitude toiecalar
pattern at the poles. The pattern at any giveituti would vary depending upon declination of the
Moon or Sun. The effects of coriolis force alsmferce the rotary nature of the currents on theanc
such that they rotate clockwise in the northern iephrere and counter(anti)-clockwise in the southern
hemisphere.

Tidal Currents

e Offshore or unrestricted
— Rotary

e |In/near-shore or restricted
— Reversing

Fig. 5.18

In the near shore areas, tidal currents and stréamasto be more reversing in nature respondinipeo
bathymetry and topography of the estuaries and {f&gsire 5.19). The phases of reversing currergs a
described as having slack periods, maximum floods rmaximum ebbs. Slack water is the short time
period between the reversal from flood to ebb. idaity, flood currents are those which are incomamg
towards the shore or upstream. Ebb currents argetlwhich are outgoing, offshore or downstream.
These tides will show many of the characteristicthe tide described for tidal heights. Floods abts
will display semi-diurnal, mixed and diurnal tidbazacteristics very similar to the correspondirtalti
height characteristics in a given area. Theimgfites and velocities will exhibit variations in pesise to
changing declinations of the Moon and Sun and & glrigee/apogee and perihelion/aphelion cycles
(Figure 5.4). Tidal currents in mixed tide regintBsplay inequalities in the floods and ebbs eaay d
just like the tidal heights.

The current direction is sometimes referred tohesget and the speed is sometimes referred toeas th
drift. The current direction, by convention, isstbompass direction toward which current flows (the
opposite of the convention for winds). Speedsdmfined in terms of knots (nhavigation) or meters/se
(scientific) (1 knot = 0.51444 m/s).

Hydraulic currents are currents due to the heigffiérence in water level of two interconnected basi
(Hell's Gate New York, Cape Cod Canal & the Cheslipeand Delaware Canal). The height differences
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in tidal waters are caused by the phase differantiee tide at each end of a strait or a canaln-hial
hydraulic currents occur in the interconnectingevatays of the Great Lakes for instance and tylyical
are in a downstream direction only.

Restricted Waterway
Reversing Current
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Fig. 5.19

In theory, tidal currents should have consistelatianships between the times and strengths ofitiogl

and ebbs and the times and heights of the higHeamdides because they are related and forced &y th
same tide producing forces. However the respohdmsins and estuaries to the tide producing forces
and the resulting relationships of tidal currentitial heights is complex and varies by locatidn.some
locations, maximum currents occur at mid-tide ahdthers, maximum currents occur nearer high and
low tides.

3.3 Measurement of Currents

There are two distinct methods for measuring custen Lagrangian use of floats, dyes, drift cards,
drifters, or current drogues and Eulerian use ofiment meter at a single location(s). Both typasge
their advantages and disadvantages depending bpaapplication. Lagrangian devices require tragkin
of concentrations or changes in position of drftever time, they are useful for trajectory moahgjland
forecasting for application to HAZMAT spills and spills or for studies of estuarine circulatiorttpans.
Sub-surface drifters can also be deployed to thatkom currents. Eulerian devices provide goocdetim
series information of currents at specific locasi@nd depths used in traditional tidal current jotéxh
applications for recreational and commercial nawigaand fisheries vessel operations. Both tydes o
measurements are useful for complete understardfirayirrent regimes and for the development and
calibration of hydrodynamic circulation models. ddggraphic survey vessels may be required to deploy
a variety of current measurement devices depenging the survey area and the information required.
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The earliest current measurement systems were hgigrain nature, using drifting ship tracks or @sin
drift poles deployed from ships. For near-shorekwohese were replaced by moored current meter
systems of various mechanical and electro-mechladiesigns. These systems are installed in sub-
surface mooring designs with several meters depl@eng the vertical mooring line depending upon
depth with the top current meter deployed as clodbe surface as possible. Mechanical currenerset
use combinations of vanes, rotors and propellersnéasure speed and direction. The meters are
generally internal recording with the data colléctgon retrieval. Deployment periods are generally
short-term (a few months maximum). Modern curraeter systems use acoustic doppler current profiler
(ADCP) technology to measure current profiles ia water column over time from a bottom mounted
current meter. ADCPs can also be deployed horatigrio measure across channel currents over time a
fixed depths and can be towed to measure currdttisdepth over cross channel transects. Theserurr
meters can also be deployed from surface buoysdomaaward looking direction and can be configured
to provide data in real-time using acoustic mode&thhology or direct cables depending upon the
deployment. The ADCPs provide profiles of currepeed and direction by providing information for
fixed vertical bins in the water column. Figur@®.shows some typical deployment configurations for
current meters.

Deployment OF ADCP
system in Petersburg, AK
From NOAA ship RAINIER

Underwater view of ADCP SRR -, N T
mounted to a catamaran " 1

mount showing how
pod releases from base

Fig. 5.20

New high frequency radar systems are being devdltpa provide surface current maps over wide-areas
which should also be beneficial to conducting hgdaphic survey operations. These shore-based
systems use a transponder and receiver antenaievide current vectors for fixed surface area lins
near-real-time (see Figure 5.21).
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Fig. 5.21
3.4 Tidal Current Prediction

Tidal currents, like tidal heights, can be predicbecause they are caused by the interaction ofi¢tie
known Earth-Moon-Sun system. Also, like tidal Higredictions, tidal currents are predicted by
performing harmonic analysis of measurements obtbfrom preferably 29 days of data to span anentir
lunar month. A minimum of 15 days of data can bedufor harmonic analysis currents, simply because
it is historically and logistically hard to routilyeobtain more than that in a typical deploymeatthough

the approach and theory are the same for harmaorailysis of tides and tidal currents, analyses dadlti
currents are more complex. For example, for réwgrsurrents, two sets of constituents are obtafoed
the major and minimum axes with the major axis gdhre principal current direction. In additiongth
analysis must try to handle the presence of anytidah permanent current found in the analysishef t
observations.

Mariners are generally interested in the timing atr@ngth of four phases of the tidal current cycle
NOAA (U.S.) tide prediction tables include predicts for slack before flood (SBF), maximum flood
current (MFC), slack before ebb (SBE), and maximabh current (MEC). In areas where the currents
are never at true slack (zero speed), slack flaodent (SFC) and slack ebb current (SEC) values are
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predicted as well. Tidal current prediction stati@lso utilise the same concept of referenceostmtind
secondary stations in the tide table products $hah speed ratios are used to correct daily reberen
station predictions to the desired location(s).

Predictions of tidal currents have similar limitats to those for tidal height predictions. Extrecaee
must be taken to extrapolate a tide or tidal curpFadiction beyond the location of the measurement
This is especially the case for tidal currents thuthe nature of the spatial variation in speeddinettion

in shallow water estuaries and rivers, the sigaiftcaffects of non-tidal forcing due to river flowjnd
speed and direction and natural non-tidal circatatpatterns. Just as for tidal heights, tidal enirr
predictions are much less useful in areas with daymal-to-noise ratio (low tidal forcing relative hon-
tidal forcing).
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