Branches of Marine Science




First Edition, 2012

ISBN 978-81-323-1917-7

© All rights reserved.

Published by:

Learning Press

4735/22 Prakashdeep Bldg,
Ansari Road, Darya Ganj,
Delhi - 110002

Email: info@wtbooks.com

WORLD TECHNOLOGIES




Table of Contents

Chapter 1 - Oceanography
Chapter 2 - Hydrogeology
Chapter 3 - Hydrology
Chapter 4 - Marine Biology

Chapter 5 - Physical Oceanography

WORLD TECHNOLOGIES




Chapter- 1

Oceanography

Thermohaline Circulation
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Oceanography (compound of the Greek words wxeavog meaning "ocean" and ypdgpw meaning
"to write"), also called oceanology or marine science, is the branch of Earth science that studies
the ocean. It covers a wide range of topics, including marine organisms and ecosystem dynamics;
ocean currents, waves, and geophysical fluid dynamics; plate tectonics and the geology of the sea
floor; and fluxes of various chemical substances and physical properties within the ocean and
across its boundaries. These diverse topics reflect multiple disciplines that oceanographers blend
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to further knowledge of the world ocean and understanding of processes within it: biology,
chemistry, geology, meteorology, and physics as well as geography.

History
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Map of the Gulf Stream by Benjamin Franklin, 1769-1770. Courtesy of the NOAA Photo Library
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Humans first acquired knowledge of the waves and currents of the seas and oceans in pre-
historic times. Observations on tides are recorded by Aristotle and Strabo. Early modern
exploration of the oceans was primarily for cartography and mainly limited to its surfaces and of
the creatures that fishermen brought up in nets, though depth soundings by lead line were taken.

Although Juan Ponce de Le6n in 1513 first identified the Gulf Stream, and the current was well-

known to mariners, Benjamin Franklin made the first scientific study of it and gave it its name.
Franklin measured water temperatures during several Atlantic crossings and correctly explained
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the Gulf Stream's cause. Franklin and Timothy Folger printed the first map of the Gulf Stream in
1769-1770.

When Louis Antoine de Bougainville, who voyaged between 1766 and 1769, and James Cook,
who voyaged from 1768 to 1779, carried out their explorations in the South Pacific, information
on the oceans themselves formed part of the reports. James Rennell wrote the first scientific
textbooks about currents in the Atlantic and Indian oceans during the late 18th and at the
beginning of 19th century. Sir James Clark Ross took the first modern sounding in deep sea in
1840, and Charles Darwin published a paper on reefs and the formation of atolls as a result of the
second voyage of HMS Beagle in 1831-6. Robert FitzRoy published a report in four volumes of
the three voyages of the Beagle. In 1841-1842 Edward Forbes undertook dredging in the Aegean
Sea that founded marine ecology.

As first superintendent of the United States Naval Observatory (1842—1861) Matthew Fontaine
Maury devoted his time to the study of marine meteorology, navigation, and charting prevailing
winds and currents. His Physical Geography of the Sea, 1855 was the first textbook of
oceanography. Many nations sent oceanographic observations to Maury at the Naval
Observatory, where he and his colleagues evaluated the information and gave the results
worldwide distribution.

The steep slope beyond the continental shelves was discovered in 1849. The first successful
laying of transatlantic telegraph cable in August 1858 confirmed the presence of an underwater
"telegraphic plateau" mid-ocean ridge. After the middle of the 19th century, scientific societies
were processing a flood of new terrestrial botanical and zoological information.

In 1871, under the recommendations of the Royal Society of London, the British government
sponsored an expedition to explore world's oceans and conduct scientific investigations. Under
that sponsorship the Scots Charles Wyville Thompson and Sir John Murray launched the
Challenger expedition (1872—1876). The results of this were published in 50 volumes covering
biological, physical and geological aspects. 4417 new species were discovered.

Other European and American nations also sent out scientific expeditions (as did private
individuals and institutions). The first purpose built oceanographic ship, the "Albatros" was built
in 1882. The four-month 1910 North Atlantic expedition headed by Sir John Murray and Johan
Hjort was at that time the most ambitious research oceanographic and marine zoological project
ever, and led to the classic 1912 book The Depths of the Ocean.

Oceanographic institutes dedicated to the study of oceanography were founded. In the United
States, these included the Scripps Institution of Oceanography in 1892, Woods Hole
Oceanographic Institution in 1930, Virginia Institute of Marine Science in 1938, Lamont-
Doherty Earth Observatory at Columbia University, and the School of Oceanography at
University of Washington. In Britain, there is a major research institution: National
Oceanography Centre, Southampton which is the successor to the Institute of Oceanography. In
Australia, CSIRO Marine and Atmospheric Research, known as CMAR, is a leading center. In
1921 the International Hydrographic Bureau (IHB) was formed in Monaco.
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Ocean currents (1911)

In 1893, Fridtjof Nansen allowed his ship "Fram" to be frozen in the Arctic ice. As a result he
was able to obtain oceanographic data as well as meteorological and astronomical data. The first
international organization of oceanography was created in 1902 as the International Council for
the Exploration of the Sea.

The first acoustic measurement of sea depth was made in 1914. Between 1925 and 1927 the
"Meteor" expedition gathered 70,000 ocean depth measurements using an echo sounder,
surveying the Mid atlantic ridge. The Great Global Rift, running along the Mid Atlantic Ridge,
was discovered by Maurice Ewing and Bruce Heezen in 1953 while the mountain range under
the Arctic was found in 1954 by the Arctic Institute of the USSR. The theory of seafloor
spreading was developed in 1960 by Harry Hammond Hess. The Ocean Drilling Project started
in 1966. Deep sea vents were discovered in 1977 by John Corlis and Robert Ballard in the
submersible "Alvin".

In the 1950s, Auguste Piccard invented the bathyscaphe and used the "Trieste" to investigate the
ocean's depths. The nuclear submarine Nautilus made the first journey under the ice to the North
Pole in 1958. In 1962 there was the first deployment of FLIP (Floating Instrument Platform), a
355 foot spar buoy.
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Then, in 1966, the U.S. Congress created a National Council for Marine Resources and
Engineering Development. NOAA was put in charge of exploring and studying all aspects of
Oceanography in the USA. It also enabled the National Science Foundation to award Sea Grant
College funding to multi-disciplinary researchers in the field of oceanography.

From the 1970s, there has been much emphasis on the application of large scale computers to
oceanography to allow numerical predictions of ocean conditions and as a part of overall
environmental change prediction. An oceanographic buoy array was established in the Pacific to
allow prediction of El Nifio events.

1990 saw the start of the World Ocean Circulation Experiment (WOCE) which continued until
2002. Geosat seafloor mapping data became available in 1995.

In 1942, Sverdrup and Fleming published "The Ocean" which was a major landmark. "The Sea"
(in three volumes covering physical oceanography, seawater and geology) edited by M.N. Hill
was published in 1962 while the "Encyclopedia of Oceanography" by Rhodes Fairbridge was
published in 1966.

Connection to the atmosphere

The study of the oceans is linked to understanding global climate changes, potential global
warming and related biosphere concerns. The atmosphere and ocean are linked because of
evaporation and precipitation as well as thermal flux (and solar insolation). Wind stress is a
major driver of ocean currents while the ocean is a sink for atmospheric carbon dioxide.

Our planet is invested with two great oceans; one visible, the other invisible; one underfoot, the other
overhead; one entirely envelopes it, the other covers about two thirds of its surface.

—Matthew F. Maury, The Physical Geography of the Seas and Its Meteorology (1855)
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Branches

Oceanographic frontal systems on the Southern Hemisphere

The study of oceanography is divided into branches:

e Biological oceanography, or marine biology, is the study of the plants, animals and microbes of
the oceans and their ecological interaction with the ocean;

e Chemical oceanography, or marine chemistry, is the study of the chemistry of the ocean and its
chemical interaction with the atmosphere;

e Geological oceanography, or marine geology, is the study of the geology of the ocean floor
including plate tectonics and paleoceanography;
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e Physical oceanography, or marine physics, studies the ocean's physical attributes including
temperature-salinity structure, mixing, waves, internal waves, surface tides, internal tides, and
currents.

These branches reflect the fact that many oceanographers are first trained in the exact sciences or
mathematics and then focus on applying their interdisciplinary knowledge, skills and abilities to
oceanography.

Data derived from the work of Oceanographers is used in marine engineering, in the design and
building of oil platforms, ships, harbours, and other structures that allow us to use the ocean
safely.

Oceanographic data management is the discipline ensuring that oceanographic data both past and
present are available to researchers.
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Chapter- 2

Hydrogeology

Hydrogeology (/ydro- meaning water, and -geology meaning the study of the Earth) is the area
of geology that deals with the distribution and movement of groundwater in the soil and rocks of
the Earth's crust, (commonly in aquifers). The term geohydrology is often used interchangeably.
Some make the minor distinction between a hydrologist or engineer applying themselves to
geology (geohydrology), and a geologist applying themselves to hydrology (hydrogeology).

Introduction

Hydrogeology is an interdisciplinary subject; it can be difficult to account fully for the chemical,
physical, biological and even legal interactions between soil, water, nature and society. The
study of the interaction between groundwater movement and geology can be quite complex.
Groundwater does not always flow in the subsurface down-hill following the surface topography;
groundwater follows pressure gradients (flow from high pressure to low) often following
fractures and conduits in circuitous paths. Taking into account the interplay of the different
facets of a multi-component system often requires knowledge in several diverse fields at both the
experimental and theoretical levels. The following is a more traditional introduction to the
methods and nomenclature of saturated subsurface hydrology, or simply hydrogeology.

Hydrogeology in relation to other fields

Hydrogeology, as stated above, is a branch of the earth sciences dealing with the flow of water
through aquifers and other shallow porous media (typically less than 450 m or 1,500 ft below the
land surface.) The very shallow flow of water in the subsurface (the upper 3 m or 10 ft) is
pertinent to the fields of soil science, agriculture and civil engineering, as well as to
hydrogeology. The general flow of fluids (water, hydrocarbons, geothermal fluids, etc.) in deeper
formations is also a concern of geologists, geophysicists and petroleum geologists. Groundwater
is a slow-moving, viscous fluid (with a Reynolds number less than unity); many of the
empirically derived laws of groundwater flow can be alternately derived in fluid mechanics from
the special case of Stokes flow (viscosity and pressure terms, but no inertial term).
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The mathematical relationships used to describe the flow of water through porous media are the
diffusion and Laplace equations, which have applications in many diverse fields. Steady
groundwater flow (Laplace equation) has been simulated using electrical, elastic and heat
conduction analogies. Transient groundwater flow is analogous to the diffusion of heat in a solid,
therefore some solutions to hydrological problems have been adapted from heat transfer
literature.

Transpiration
by vegetation

1 { E Unsaturated zone
Water table

Water table

N,

High hydraulic-conductivity aquifer

- Low hydraulic-conductivity confining unit

Very low hydraulic-conductivity bedrock

| S Direction of ground-water flow

Typical aquifer cross-section

Traditionally, the movement of groundwater has been studied separately from surface water,
climatology, and even the chemical and microbiological aspects of hydrogeology (the processes
are uncoupled). As the field of hydrogeology matures, the strong interactions between
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groundwater, surface water, water chemistry, soil moisture and even climate are becoming more
clear.

For example: Aquifer drawdown or overdrafting and the pumping of fossil water increases the
total amount of water within the hydrosphere subject to transpiration and evaporation processes,
thereby causing accretion in water vapour and cloud cover, the primary absorbers of infrared
radiation in the earth's atmosphere. Adding water to the system has a forcing effect on the whole
earth system. An accurate estimate of the climatic forcing effect due to this hydrogeological fact
is yet to be quantified.

Definitions and material properties

One of the main tasks a hydrogeologist typically performs is the prediction of future behavior of
an aquifer system, based on analysis of past and present observations. Some hypothetical, but
characteristic questions asked would be:

e Can the aquifer support another subdivision?

o  Will the river dry up if the farmer doubles his irrigation?

e Did the chemicals from the dry cleaning facility travel through the aquifer to my well and make
me sick?

o  Will the plume of effluent leaving my neighbor's septic system flow to my drinking water well?

Most of these questions can be addressed through simulation of the hydrologic system (using
numerical models or analytic equations). Accurate simulation of the aquifer system requires
knowledge of the aquifer properties and boundary conditions. Therefore a common task of the
hydrogeologist is determining aquifer properties using aquifer tests.

In order to further characterize aquifers and aquitards some primary and derived physical
properties are introduced below. Aquifers are broadly classified as being either confined or
unconfined (water table aquifers), and either saturated or unsaturated; the type of aquifer affects
what properties control the flow of water in that medium (e.g., the release of water from storage
for confined aquifers is related to the storativity, while it is related to the specific yield for
unconfined aquifers).

Porosity

Porosity (n) is a directly measurable aquifer property; it is a fraction between 0 and 1 indicating
the amount of pore space between unconsolidated soil particles or within a fractured rock.
Typically, the majority of groundwater (and anything dissolved in it) moves through the porosity
available to flow (sometimes called effective porosity). Permeability is an expression of the
connectedness of the pores. For instance, an unfractured rock unit may have a high porosity (it
has lots of holes between its constituent grains), but a low permeability (none of the pores are
connected). An example of this phenomenon is pumice, which, when in its unfractured state, can
make a poor aquifer.
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Porosity does not directly affect the distribution of hydraulic head in an aquifer, but it has a very
strong effect on the migration of dissolved contaminants, since it affects groundwater flow
velocities through an inversely proportional relationship.

Water content

Water content () is also a directly measurable property; it is the fraction of the total rock which
is filled with liquid water. This is also a fraction between 0 and 1, but it must also be less than or
equal to the total porosity.

The water content is very important in vadose zone hydrology, where the hydraulic conductivity
is a strongly nonlinear function of water content; this complicates the solution of the unsaturated
groundwater flow equation.

Hydraulic conductivity

Hydraulic conductivity (K) and transmissivity (7) are indirect aquifer properties (they cannot be
measured directly). 7 is the K integrated over the vertical thickness (b) of the aquifer (7=Kb
when K is constant over the entire thickness). These properties are measures of an aquifer's
ability to transmit water. Intrinsic permeability () is a secondary medium property which does
not depend on the viscosity and density of the fluid (K and 7 are specific to water); it is used
more in the petroleum industry.

Specific storage and specific yield

Specific storage (S;) and its depth-integrated equivalent, storativity (S=S,b), are indirect aquifer
properties (they cannot be measured directly); they indicate the amount of groundwater released
from storage due to a unit depressurization of a confined aquifer. They are fractions between 0
and 1.

Specific yield (S,) is also a ratio between 0 and 1 (S, < porosity) and indicates the amount of
water released due to drainage from lowering the water table in an unconfined aquifer. The value
for specific yield is less than the value for porosity because some water will remain in the
medium even after drainage due to molecular forces. Often the porosity or effective porosity is
used as an upper bound to the specific yield. Typically S, is orders of magnitude larger than S;.

Contaminant transport properties

Often we are interested in how the moving groundwater water will move dissolved contaminants
around (the sub-field of contaminant hydrogeology). The contaminants can be man-made (e.g.,
petroleum products, nitrate or Chromium) or naturally occurring (e.g., arsenic, salinity). Besides
needing to understand where the groundwater is flowing, based on the other hydrologic
properties discussed above, there are additional aquifer properties which affect how dissolved
contaminants move with groundwater.
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Hydrodynamic dispersion

Hydrodynamic dispersivity (ar, o) is an empirical factor which quantifies how much
contaminants stray away from the path of the groundwater which is carrying it. Some of the
contaminants will be "behind" or "ahead" the mean groundwater, giving rise to a longitudinal
dispersivity (ar), and some will be "to the sides of" the pure advective groundwater flow, leading
to a transverse dispersivity (or). Dispersion in groundwater is because each water "particle",
passing beyond a soil particle, must choose where to go, whether left or right or up or down, so
that the water "particles" (and their solute) are gradually spread in all directions around the mean
path. This is the "microscopic" mechanism, on the scale of soil particles. More important, on
long distances, can be the macroscopic inhomogeneities of the aquifer, which can have regions
of larger or smaller permeability, so that some water can find a preferential path in one direction,
some other in a different direction, so that the contaminant can be spread in a completely
irregular way, like in a (three-dimensional) delta of a river.

Dispersivity is actually a factor which represents our lack of information about the system we are
simulating. There are many small details about the aquifer which are being averaged when using
a macroscopic approach (e.g., tiny beds of gravel and clay in sand aquifers), they manifest
themselves as an apparent dispersivity. Because of this, a is often claimed to be dependent on
the length scale of the problem — the dispersivity found for transport through 1 m? of aquifer is
different than that for transport through 1 cm?® of the same aquifer material.

Molecular Diffusion

Diffusion is a fundamental physical phenomenon, by which Einstein explained Brownian
motion, which describes the random thermal movement of molecules and small particles in gases
and liquids. It is an important phenomenon for small distances (it is essential for the achievement
of thermodinamic equilibria), but, as the time necessary to cover a distance by diffusion is
proportional to the square of the distance itself, it is ineffective for spreading a solute over
macroscopic distances. The diffusion coefficient, D, is typically quite small, and its effect can
often be considered negligible (unless groundwater flow velocities are extremely low, as they are
in clay aquitards).

It is important not to confuse diffusion with dispersion, as the former is a physical phenomenon
and the latter is an empirical factor which is cast into a similar form as diffusion, because we
already know how to solve that problem.

Retardation by adsorption

The retardation factor is another very important feature that make the motion of the contaminant
to deviate from the average groundwater motion. It is analogous to the retardation factor of
chromatography. Unlike diffusion and dispersion, which simply spread the contaminant, the
retardation factor changes its global average velocity, so that it can be much slower than that of
water. This is due to a chemico-physical effect: the adsorption to the soil, which holds the
contaminant back and does not allow it to progress until the quantity corresponding to the
chemical adsorption equilibrium has been adsorbed. This effect is particularly important for less
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soluble contaminants, which thus can move even hundreds or thousands times slower than water.
The effect of this phenomenon is that only more soluble species can cover long distances. The
retardation factor depends on the chemical nature of both the contaminant and the aquifer.

Governing equations

Darcy's Law

Darcy's law is a Constitutive equation (empirically derived by Henri Darcy, in 1856) that states
the amount of groundwater discharging through a given portion of aquifer is proportional to the
cross-sectional area of flow, the hydraulic head gradient, and the hydraulic conductivity.

Groundwater flow equation
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The groundwater flow equation, in its most general form, describes the movement of
groundwater in a porous medium (aquifers and aquitards). It is known in mathematics as the
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diffusion equation, and has many analogs in other fields. Many solutions for groundwater flow
problems were borrowed or adapted from existing heat transfer solutions.

It is often derived from a physical basis using Darcy's law and a conservation of mass for a small
control volume. The equation is often used to predict flow to wells, which have radial symmetry,
so the flow equation is commonly solved in polar or cylindrical coordinates.

The Theis equation is one of the most commonly used and fundamental solutions to the
groundwater flow equation; it can be used to predict the transient evolution of head due to the
effects of pumping one or a number of pumping wells.

The Thiem equation is a solution to the steady state groundwater flow equation (Laplace's
Equation) for flow to a well. Unless there are large sources of water nearby (a river or lake), true
steady-state is rarely achieved in reality.

Both above equations are used in aquifer tests (pump tests).
The Hooghoudt equation is a groundwater flow equation applied to subsurface drainage by pipes,

tile drains or ditches. An alternative subsurface drainage method is drainage by wells for which
groundwater flow equations are also available.

Calculation of groundwater flow

DISCHARGE AREA

Relative groundwater travel times
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To use the groundwater flow equation to estimate the distribution of hydraulic heads, or the
direction and rate of groundwater flow, this partial differential equation (PDE) must be solved.
The most common means of analytically solving the diffusion equation in the hydrogeology
literature are:

e Llaplace, Hankel and Fourier transforms (to reduce the number of dimensions of the PDE),

e similarity transform (also called the Boltzmann transform) is commonly how the Theis solution is
derived,

e separation of variables, which is more useful for non-Cartesian coordinates, and

e Green's functions, which is another common method for deriving the Theis solution — from the
fundamental solution to the diffusion equation in free space.

No matter which method we use to solve the groundwater flow equation, we need both initial
conditions (heads at time (¢) = 0) and boundary conditions (representing either the physical
boundaries of the domain, or an approximation of the domain beyond that point). Often the
initial conditions are supplied to a transient simulation, by a corresponding steady-state
simulation (where the time derivative in the groundwater flow equation is set equal to 0).

There are two broad categories of how the (PDE) would be solved; either analytical methods,
numerical methods, or something possibly in between. Typically, analytic methods solve the
groundwater flow equation under a simplified set of conditions exactly, while numerical methods
solve it under more general conditions to an approximation.

Analytic methods

Analytic methods typically use the structure of mathematics to arrive at a simple, elegant
solution, but the required derivation for all but the simplest domain geometries can be quite
complex (involving non-standard coordinates, conformal mapping, etc.). Analytic solutions
typically are also simply an equation that can give a quick answer based on a few basic
parameters. The Theis equation is a very simple (yet still very useful) analytic solution to the
groundwater flow equation, typically used to analyze the results of an aquifer test or slug test.

Numerical methods

The topic of numerical methods is quite large, obviously being of use to most fields of
engineering and science in general. Numerical methods have been around much longer than
computers have (In the 1920s Richardson developed some of the finite difference schemes still in
use today, but they were calculated by hand, using paper and pencil, by human "calculators"), but
they have become very important through the availability of fast and cheap personal computers.

There are two broad categories of numerical methods: gridded or discretized methods and non-
gridded or mesh-free methods. In the common finite difference method and finite element
method (FEM) the domain is completely gridded ("cut" into a grid or mesh of small elements).
The analytic element method (AEM) and the boundary integral equation method (BIEM —
sometimes also called BEM, or Boundary Element Method) are only discretized at boundaries or
along flow elements (line sinks, area sources, etc.), the majority of the domain is mesh-free.
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General properties of gridded methods

Gridded Methods like finite difference and finite element methods solve the groundwater flow
equation by breaking the problem area (domain) into many small elements (squares, rectangles,
triangles, blocks, tetrahedra, etc.) and solving the flow equation for each element (all material
properties are assumed constant or possibly linearly variable within an element), then linking
together all the elements using conservation of mass across the boundaries between the elements
(similar to the divergence theorem). This results in a system which overall approximates the
groundwater flow equation, but exactly matches the boundary conditions (the head or flux is
specified in the elements which intersect the boundaries).

Finite differences are a way of representing continuous differential operators using discrete
intervals (4x and 4¢), and the finite difference methods are based on these (they are derived from
a Taylor series). For example the first-order time derivative is often approximated using the
following forward finite difference, where the subscripts indicate a discrete time location,

oh hi — hiy
ot~ )~

The forward finite difference approximation is unconditionally stable, but leads to an implicit set
of equations (that must be solved using matrix methods, e.g. LU or Cholesky decomposition).
The similar backwards difference is only conditionally stable, but it is explicit and can be used to
"march" forward in the time direction, solving one grid node at a time (or possibly in parallel,
since one node depends only on its immediate neighbors). Rather than the finite difference
method, sometimes the Galerkin FEM approximation is used in space (this is different from the
type of FEM often used in structural engineering) with finite differences still used in time.

Application of finite difference models

MODFLOW is a well-known example of a general finite difference groundwater flow model. It
is developed by the US Geological Survey as a modular and extensible simulation tool for
modeling groundwater flow. It is free software developed, documented and distributed by the
USGS. Many commercial products have grown up around it, providing graphical user interfaces
to its input file based interface, and typically incorporating pre- and post-processing of user data.
Many other models have been developed to work with MODFLOW input and output, making
linked models which simulate several hydrologic processes possible (flow and transport models,
surface water and groundwater models and chemical reaction models), because of the simple,
well documented nature of MODFLOW.

Application of finite element models

Finite Element programs are more flexible in design (triangular elements vs. the block elements
most finite difference models use) and there are some programs available (SUTRA, a 2D or 3D
density-dependent flow model by the USGS; Hydrus, a commercial unsaturated flow model,
FEFLOW, a commercial modeling environment for subsurface flow, solute and heat transport
processes; and COMSOL Multiphysics (FEMLAB) a commercial general modeling
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environment), but unless they are gaining in importance they are still not as popular in with
practicing hydrogeologists as MODFLOW is. Finite element models are more popular in
university and laboratory environments, where specialized models solve non-standard forms of
the flow equation (unsaturated flow, density dependent flow, coupled heat and groundwater
flow, etc.)

Application of finite volume models

The finite volume method is a method for representing and evaluating partial differential
equations as algebraic equations [LeVeque, 2002; Toro, 1999]. Similar to the finite difference
method, values are calculated at discrete places on a meshed geometry. "Finite volume" refers to
the small volume surrounding each node point on a mesh. In the finite volume method, volume
integrals in a partial differential equation that contain a divergence term are converted to surface
integrals, using the divergence theorem. These terms are then evaluated as fluxes at the surfaces
of each finite volume. Because the flux entering a given volume is identical to that leaving the
adjacent volume, these methods are conservative. Another advantage of the finite volume
method is that it is easily formulated to allow for unstructured meshes. The method is used in
many computational fluid dynamics packages.

PORFLOW software package is a comprehensive mathematical model for simulation of Ground
Water Flow and Nuclear Waste Management developed by Analytic & Computational Research,
Inc., ACRi]ACRIi

The FEHM software package is available free from Los Alamos National Laboratory and can be
accessed at the FEHM Website. This versatile porous flow simulator includes capabilities to
model multiphase, thermal, stress, and multicomponent reactive chemistry. Current work using
this code includes simulation of methane hydrate formation, CO, sequestration, oil shale
extraction, migration of both nuclear and chemical contaminants, environmental isotope
migration in the unsaturated zone, and karst formation.

Other methods

These include mesh-free methods like the Analytic Element Method (AEM) and the Boundary
Element Method (BEM), which are closer to analytic solutions, but they do approximate the
groundwater flow equation in some way. The BEM and AEM exactly solve the groundwater
flow equation (perfect mass balance), while approximating the boundary conditions. These
methods are more exact and can be much more elegant solutions (like analytic methods are), but
have not seen as widespread use outside academic and research groups yet.

Hydraulic head or piezometric head is a specific measurement of water pressure above a
geodetic datum. It is usually measured as a water surface elevation, expressed in units of length,
at the entrance (or bottom) of a piezometer. In an aquifer, it can be calculated from the depth to
water in a piezometric well (a specialized water well), and given information of the piezometer's
elevation and screen depth. Hydraulic head can similarly be measured in a column of water using
a standpipe piezometer by measuring the height of the water surface in the tube relative to a
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common datum. The hydraulic head can be used to determine a hydraulic gradient between two
or more points.

"Head" in fluid dynamics

In fluid dynamics, head is a concept that relates the energy in an incompressible fluid to the
height of an equivalent static column of that fluid. From Bernoulli's Principle, the total energy at
a given point in a fluid is the energy associated with the movement of the fluid, plus energy from
pressure in the fluid, plus energy from the height of the fluid relative to an arbitrary datum. Head
is expressed in units of height such as meters or feet.

The static head of a pump is the maximum height (pressure) it can deliver. The capability of the
pump can be read from its Q-H curve (flow vs. height).

Head is equal to the fluid's energy per unit weight. Head is useful in specifying centrifugal
pumps because their pumping characteristics tend to be independent of the fluid's density.

There are four types of head used to calculate the total head in and out of a pump:

e Velocity head is due to the bulk motion of a fluid (kinetic energy).

e Elevation head is due to the fluid's weight, the gravitational force acting on a column of fluid.

e Pressure head is due to the static pressure, the internal molecular motion of a fluid that exerts a
force on its container.

e Resistance head (or friction head or Head Loss) is due to the frictional forces acting against a
fluid's motion by the container.

Components of hydraulic head

A mass free falling from an elevation z > [(in a vacuum) will reach a speed
2

v
v =4/2gz h’:@

“when arriving at elevation z=0, or when we rearrange it as a head:

where

g is the acceleration due to gravity

UE

The term 2is called the velocity head, expressed as a length measurement. In a flowing fluid, it
represents the energy of the fluid due to its bulk motion.

The total hydraulic head of a fluid is composed of pressure head and elevation head. The
pressure head is the equivalent gauge pressure of a column of water at the base of the
piezometer, and the elevation head is the relative potential energy in terms of an elevation. The
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head equation, a simplified form of the Bernoulli Principle for incompressible fluids, can be
expressed as:

h=v+=z
where

h is the hydraulic head (Length in m or ft), also known as the velocity head.

U is the pressure head, in terms of the elevation difference of the water column relative to the
piezometer bottom (Length in m or ft), and

zis the elevation at the piezometer bottom (Length in m or ft)

In an example with a 400 m deep piezometer, with an elevation of 1000 m, and a depth to water
of 100 m: z =600 m, = 300 m, and ~# = 900 m.

The pressure head can be expressed as:
P _ P
T PY

u[r

where
P is the gauge pressure (Force per unit area, often Pa or psi),
y is the unit weight of water (Force per unit volume, typically N-m™ or Ibf/ft3),
p is the density of the water (Mass per unit volume, frequently kg-m), and
g is the gravitational acceleration (velocity change per unit time, often m-s™)

Fresh water head

The pressure head is dependent on the density of water, which can vary depending on both the
temperature and chemical composition (salinity, in particular). This means that the hydraulic
head calculation is dependent on the density of the water within the piezometer. If one or more
hydraulic head measurements are to be compared, they need to be standardized, usually to their
fresh water head, which can be calculated as:

where
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Rfu

is the fresh water head (Length, measured in m or ft), and

P fwis the density of fresh water (Mass per unit volume, typically in kg-m™~)

Hydraulic gradient

The hydraulic gradient is a vector gradient between two or more hydraulic head measurements
over the length of the flow path. It is also called the Darcy slope, since it determines the quantity
of a Darcy flux, or discharge. A dimensionless hydraulic gradient can be calculated between two
piezometers as:

- dh hy— My
T length

where

i is the hydraulic gradient (dimensionless),
dh is the difference between two hydraulic heads (Length, usually in m or ft), and

dl is the flow path length between the two piezometers (Length, usually in m or ft)

The hydraulic gradient can be expressed in vector notation, using the del operator. This requires
a hydraulic head field, which can only be practically obtained from a numerical model, such as
MODFLOW. In Cartesian coordinates, this can be expressed as:

vh— (000 OR) Oy Oy
Ox Oy 0z ox oy 0z

This vector describes the direction of the groundwater flow, where negative values indicate flow
along the dimension, and zero indicates no flow. As with any other example in physics, energy
must flow from high to low, which is why the flow is in the negative gradient. This vector can be
used in conjunction with Darcy's law and a tensor of hydraulic conductivity to determine the flux
of water in three dimensions.

Hydraulic head in groundwater

Relation between heads for a hydrostatic case and a downward flow case.
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The distribution of hydraulic head through an aquifer determines where groundwater will flow.
In a hydrostatic example (first figure), where the hydraulic head is constant, there is no flow.
However, if there is a difference in hydraulic head from the top to bottom due to draining from
the bottom (second figure), the water will flow downward, due to the difference in head, also

called the hydraulic gradient.
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Atmospheric pressure

Even though it is convention to use gauge pressure in the calculation of hydraulic head, it is more
correct to use total pressure (gauge pressure + atmospheric pressure), since this is truly what
drives groundwater flow. Often detailed observations of barometric pressure are not available at
each well through time, so this is often disregarded (contributing to large errors at locations
where hydraulic gradients are low or the angle between wells is acute.)

The effects of changes in atmospheric pressure upon water levels observed in wells has been
known for many years. The effect is a direct one, an increase in atmospheric pressure is an
increase in load on the water in the aquifer, which increases the depth to water (lowers the water
level elevation). Pascal first qualitatively observed these effects in the 17th century, and they
were more rigorously described by the soil physicist Edgar Buckingham (working for the
USDA) using air flow models in 1907.

Head loss

In any real moving fluid, energy is dissipated due to friction; turbulence dissipates even more
energy for high Reynolds number flows. Head loss is divided into two main categories, "major
losses" associated with energy loss per length of pipe, and "minor losses" associated with bends,
fittings, valves, etc. The most common equation used to calculate major head losses is the
Darcy—Weisbach equation. Older, more empirical approaches are the Hazen-Williams equation
and the Prony equation.

For relatively short pipe systems, with a relatively large number of bends and fittings, minor
losses can easily exceed major losses. In design, minor losses are usually estimated from tables
using coefficients or a simpler and less accurate reduction of minor losses to equivalent length of

pipe.
Analogs to other fields

Hydraulic head is a measure of energy, and has many analogs in physics and chemistry, where
the same mathematical principles and rules apply:

e  Hydraulic head is analogous to:
o magnetic monopole
o electric charge
o heat (i.e., temperature)
o concentration
e A continuous "field" of hydraulic heads is analogous to:
o an electric field
o amagnetic field
e Similar differential operators can be applied to the fields, to find:
o the gradient, or the direction of flow
o the divergence of flow
o thecurl, or if the field is rotating
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Chapter- 3

Hydrology

Water covers 70% of the Earth's surface

Hydrology is the study of the movement, distribution, and quality of water on Earth and other
planets, including the hydrologic cycle, water resources and environmental watershed
sustainability. A practitioner of hydrology is a hydrologist, working within the fields of earth or
environmental science, physical geography, geology or civil and environmental engineering.

Domains of hydrology include hydrometeorology, surface hydrology, hydrogeology, drainage
basin management and water quality, where water plays the central role. Oceanography and
meteorology are not included because water is only one of many important aspects.

Hydrological research can inform environmental engineering, policy and planning.

The term hydrology is from Greek: Udwp, hydor, "water"; and Adyoc, logos, "study".
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History of hydrology

Hydrology has been a subject of investigation and engineering for millennia. For example, about
4000 B.C. the Nile was dammed to improve agricultural productivity of previously barren lands.
Mesopotamian towns were protected from flooding with high earthen walls. Aqueducts were
built by the Greeks and Ancient Romans, while the history of China shows they built irrigation
and flood control works. The ancient Sinhalese used hydrology to build complex irrigation works
in Sri Lanka, also known for invention of the Valve Pit which allowed construction of large
reservoirs, anicuts and canals which still function.

Marcus Vitruvius, in the first century B.C., described a philosophical theory of the hydrologic
cycle, in which precipitation falling in the mountains infiltrated the Earth's surface and led to
streams and springs in the lowlands. With adoption of a more scientific approach, Leonardo da
Vinci and Bernard Palissy independently reached an accurate representation of the hydrologic
cycle. It was not until the 17th century that hydrologic variables began to be quantified.

Pioneers of the modern science of hydrology include Pierre Perrault, Edme Mariotte and
Edmund Halley. By measuring rainfall, runoff, and drainage area, Perrault showed that rainfall
was sufficient to account for flow of the Seine. Marriotte combined velocity and river cross-
section measurements to obtain discharge, again in the Seine. Halley showed that the evaporation
from the Mediterranean Sea was sufficient to account for the outflow of rivers flowing into the
sea.

Advances in the 18th century included the Bernoulli piezometer and Bernoulli's equation, by
Daniel Bernoulli, the Pitot tube. The 19th century saw development in groundwater hydrology,
including Darcy's law, the Dupuit-Thiem well formula, and Hagen-Poiseuille's capillary flow
equation.

Rational analyses began to replace empiricism in the 20th century, while governmental agencies
began their own hydrological research programs. Of particular importance were Leroy Sherman's
unit hydrograph, the infiltration theory of Robert E. Horton, and C.V. Theis's Aquifer
test/equation describing well hydraulics.

Since the 1950s, hydrology has been approached with a more theoretical basis than in the past,
facilitated by advances in the physical understanding of hydrological processes and by the advent
of computers and especially Geographic Information Systems (GIS).

Hydrologic cycle

The central theme of hydrology is that water circulates throughout the Earth through different
pathways and at different rates. The most vivid image of this is in the evaporation of water from
the ocean, which forms clouds. These clouds drift over the land and produce rain. The rainwater
flows into lakes, rivers, or aquifers. The water in lakes, rivers, and aquifers then either evaporates
back to the atmosphere or eventually flows back to the ocean, completing a cycle. Water changes
its state of being several times throughout this cycle.
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Overview

Branches of hydrology

Chemical hydrology is the study of the chemical characteristics of water.

Ecohydrology is the study of interactions between organisms and the hydrologic cycle.
Hydrogeology is the study of the presence and movement of ground water.

Hydroinformatics is the adaptation of information technology to hydrology and water resources
applications.

Hydrometeorology is the study of the transfer of water and energy between land and water body
surfaces and the lower atmosphere.

Isotope hydrology is the study of the isotopic signatures of water.

Surface hydrology is the study of hydrologic processes that operate at or near Earth's surface.
Drainage basin management covers water-storage, in the form of reservoirs, and flood-
protection.

Water quality includes the chemistry of water in rivers and lakes, both of pollutants and natural
solutes.

Related topics

Oceanography is the more general study of water in the oceans and estuaries.

Meteorology is the more general study of the atmosphere and of weather, including precipitation
as snow and rainfall.

Limnology is the study of lakes. It covers the biological, chemical, physical, geological, and
other attributes of all inland waters (running and standing waters, both fresh and saline, natural
or man-made).

Applications of hydrology

e Determining the water balance of a region.

e Determining the agricultural water balance.

e Designing riparian restoration projects.

e Mitigating and predicting flood, landslide and drought risk.

e Real-time flood forecasting and flood warning.

e Designing irrigation schemes and managing agricultural productivity.

e Part of the hazard module in catastrophe modeling.

e Providing drinking water.

e Designing dams for water supply or hydroelectric power generation.

e Designing bridges.

e Designing sewers and urban drainage system.

e Analyzing the impacts of antecedent moisture on sanitary sewer systems.

e Predicting geomorphological changes, such as erosion or sedimentation.

e Assessing the impacts of natural and anthropogenic environmental change on water resources.
e Assessing contaminant transport risk and establishing environmental policy guidelines.
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Hydrologic measurements

Measurement is fundamental for assessing water resources and understanding the processes
involved in the hydrologic cycle. Because the hydrologic cycle is so diverse, hydrologic
measurement methods span many disciplines: including soils, oceanography, atmospheric
science, geology, geophysics and limnology, to name a few. Here, hydrologic measurement
methods are organized by hydrologic sub-disciplines. Each of these subdisciplines is addressed
briefly with a practical discussion of the methods used to date and a bibliography of background
information.

Quantifying groundwater flow and transport

e Aquifer characterization
o Flow direction
= Piezometer - groundwater pressure and, by inference, groundwater depth
= Conductivity, storativity, transmisivity
=  Geophysical methods

e Vadose zone characterization

o Infiltration
= |nfiltrometer - infiltration

o Soil moisture
= Capacitance probe-soil moisture
= Time domain reflectometer - soil moisture
=  Tensiometer - soil moisture
= Solute sampling
=  Geophysical methods

Quantifying surface water flow and transport

e Direct and indirect discharge measurements
o Stream gauge - stream flow

Tracer techniques

Chemical transport

Sediment transport and erosion

Stream-aquifer exchange

O O O O

Quantifying exchanges at the land-atmosphere boundary

e Precipitation
o Bulk rain events
= Disdrometer - precipitation characteristics
= Radar - cloud properties, rain rate estimation, hail and snow detection
= Rain gauge - rain and snowfall
= Satellite - rainy area identification, rain rate estimation, land-cover/land-use,
soil moisture
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= Sling psychrometer - humidity
o Snow, hail and ice
o Dew, mist and fog
e Evaporation
from water surfaces
Evaporation -Symon's evaporation pan
from plant surfaces
o through the boundary layer
e Transpiration
o Natural ecosystems
o Agronomic ecosystems
e Momentum
e Heat flux
o Energy budgets

o O O

Uncertainty analyses
Remote sensing of hydrologic processes

e Land based sensors
e Airborne Sensors
e Satellite sensors

Water quality

e Sample collection

e In-situ methods

e Physical measurements (includes sediment concentration)
e Collection of samples to quantify Organic Compounds

e Collection of samples to quantify Inorganic Compounds

e Analysis of aqueous Organic Compounds

e Analysis of aqueous Inorganic Compounds

e Microbiological sampling and analysis

Integrating measurement and modeling

e Budget analyses

e Parameter estimation

e Scaling in time and space
e Data assimilation

e Quality control of data

Hydrologic prediction

Observations of hydrologic processes are used to make predictions of the future behaviour of
hydrologic systems (water flow, water quality). One of the major current concerns in hydrologic
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research is "Prediction in Ungauged Basins" (PUB), i.e. in basins where no or only very few data
exist.

Statistical hydrology

By analysing the statistical properties of hydrologic records, such as rainfall or river flow,
hydrologists can estimate future hydrologic phenomena, assuming the characteristics of the
processes remain unchanged.

These estimates are important for engineers and economists so that proper risk analysis can be
performed to influence investment decisions in future infrastructure and to determine the yield
reliability characteristics of water supply systems. Statistical information is utilised to formulate
operating rules for large dams forming part of systems which include agricultural, industrial and
residential demands.

Hydrologic modeling

Hydrologic models are simplified, conceptual representations of a part of the hydrologic cycle.
They are primarily used for hydrologic prediction and for understanding hydrologic processes.
Two major types of hydrologic models can be distinguished:

e Models based on data. These models are black box systems, using mathematical and statistical
concepts to link a certain input (for instance rainfall) to the model output (for instance runoff).
Commonly used techniques are regression, transfer functions, and system identification. The
simplest of these models may be linear models, but it is common to deploy non-linear
components to represent some general aspects of a catchment's response without going deeply
into the real physical processes involved. An example of such an aspect is the well-known
behaviour that a catchment will respond much more quickly and strongly when it is already wet
than when it is dry..

e Models based on process descriptions. These models try to represent the physical processes
observed in the real world. Typically, such models contain representations of surface runoff,
subsurface flow, evapotranspiration, and channel flow, but they can be far more complicated.
These models are known as deterministic hydrology models. Deterministic hydrology models
can be subdivided into single-event models and continuous simulation models.

Recent research in hydrologic modeling tries to have a more global approach to the
understanding of the behaviour of hydrologic systems to make better predictions and to face the
major challenges in water resources management.

Hydrologic transport
Water movement is a significant means by which other material, such as soil or pollutants, are
transported from place to place. Initial input to receiving waters may arise from a point source

discharge or a line source or area source, such as surface runoff. Since the 1960s rather complex
mathematical models have been developed, facilitated by the availability of high speed
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computers. The most common pollutant classes analyzed are nutrients, pesticides, total dissolved
solids and sediment.

Water cycle

The water cycle, also known as the hydrologic cycle or H,O cycle, describes the continuous
movement of water on, above and below the surface of the Earth. Water can change states among
liquid, vapor, and ice at various places in the water cycle. Although the balance of water on Earth
remains fairly constant over time, individual water molecules can come and go, in and out of the
atmosphere. The water moves from one reservoir to another, such as from river to ocean, or from
the ocean to the atmosphere, by the physical processes of evaporation, condensation,
precipitation, infiltration, runoff, and subsurface flow. In so doing, the water goes through
different phases: liquid, solid, and gas.

The hydrologic cycle also involves the exchange of heat energy, which leads to temperature
changes. For instance, in the process of evaporation, water takes up energy from the
surroundings and cools the environment. Conversely, in the process of condensation, water
releases energy to its surroundings, warming the environment.

The water cycle figures significantly in the maintenance of life and ecosystems on Earth. Even as
water in each reservoir plays an important role, the water cycle brings added significance to the
presence of water on our planet. By transferring water from one reservoir to another, the water
cycle purifies water, replenishes the land with freshwater, and transports minerals to different
parts of the globe. It is also involved in reshaping the geological features of the Earth, through
such processes as erosion and sedimentation. In addition, as the water cycle involves heat
exchange, it exerts an influence on climate as well.

Description

The sun, which drives the water cycle, heats water in oceans and seas. Water evaporates as water
vapor into the air. Ice and snow can sublimate directly into water vapor. Evapotranspiration is
water transpired from plants and evaporated from the soil. Rising air currents take the vapor up
into the atmosphere where cooler temperatures cause it to condense into clouds. Air currents
move water vapor around the globe, cloud particles collide, grow, and fall out of the sky as
precipitation. Some precipitation falls as snow or hail, and can accumulate as ice caps and
glaciers, which can store frozen water for thousands of years. Snowpacks can thaw and melt, and
the melted water flows over land as snowmelt. Most water falls back into the oceans or onto land
as rain, where the water flows over the ground as surface runoff. A portion of runoff enters rivers
in valleys in the landscape, with streamflow moving water towards the oceans. Runoff and
groundwater are stored as freshwater in lakes. Not all runoff flows into rivers, much of it soaks
into the ground as infiltration. Some water infiltrates deep into the ground and replenishes
aquifers, which store freshwater for long periods of time. Some infiltration stays close to the land
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surface and can seep back into surface-water bodies (and the ocean) as groundwater discharge.
Some groundwater finds openings in the land surface and comes out as freshwater springs. Over
time, the water returns to the ocean, where our water cycle started.

Different Processes
Precipitation

Condensed water vapor that falls to the Earth's surface. Most precipitation occurs as rain, but
also includes snow, hail, fog drip, graupel, and sleet. Approximately 505,000 km? (121,000 cu mi)
of water falls as precipitation each year, 398,000 km? (95,000 cu mi) of it over the oceans.

Canopy interception

The precipitation that is intercepted by plant foliage and eventually evaporates back to the
atmosphere rather than falling to the ground.

Snowmelt
The runoff produced by melting snow.
Runoff

The variety of ways by which water moves across the land. This includes both surface runoff and
channel runoff. As it flows, the water may seep into the ground, evaporate into the air, become
stored in lakes or reservoirs, or be extracted for agricultural or other human uses.

Infiltration

The flow of water from the ground surface into the ground. Once infiltrated, the water becomes
soil moisture or groundwater.

Subsurface Flow

The flow of water underground, in the vadose zone and aquifers. Subsurface water may return
to the surface (e.g. as a spring or by being pumped) or eventually seep into the oceans. Water
returns to the land surface at lower elevation than where it infiltrated, under the force of gravity
or gravity induced pressures. Groundwater tends to move slowly, and is replenished slowly, so it
can remain in aquifers for thousands of years.

Evaporation

The transformation of water from liquid to gas phases as it moves from the ground or bodies of
water into the overlying atmosphere. The source of energy for evaporation is primarily solar
radiation. Evaporation often implicitly includes transpiration from plants, though together they
are specifically referred to as evapotranspiration. Total annual evapotranspiration amounts to
approximately 505,000 km? (121,000 cu mi) of water, 434,000 km? (104,000 cu mi) of which
evaporates from the oceans.
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Sublimation
The state change directly from solid water (snow or ice) to water vapor.
Advection

The movement of water — in solid, liquid, or vapor states — through the atmosphere. Without
advection, water that evaporated over the oceans could not precipitate over land.

Condensation
The transformation of water vapor to liquid water droplets in the air, creating clouds and fog.
Transpiration

The release of water vapor from plants and soil into the air. Water vapor is a gas that cannot be
seen.

Residence times

Average reservoir residence times

Reservoir Average residence time
Antarctica 20,000 years
Oceans 3,200 years
Glaciers 20 to 100 years
Seasonal snow cover 2 to 6 months

Soil moisture 1 to 2 months

Groundwater: shallow 100 to 200 years

Groundwater: deep 10,000 years
Lakes 50 to 100 years
Rivers 2 to 6 months
Atmosphere 9 days
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The residence time of a reservoir within the hydrologic cycle is the average time a water
molecule will spend in that reservoir. It is a measure of the average age of the water in that
reservoir.

Groundwater can spend over 10,000 years beneath Earth's surface before leaving. Particularly
old groundwater is called fossil water. Water stored in the soil remains there very briefly,
because it is spread thinly across the Earth, and is readily lost by evaporation, transpiration,
stream flow, or groundwater recharge. After evaporating, the residence time in the atmosphere is
about 9 days before condensing and falling to the Earth as precipitation.

The major ice sheets - Antarctica and Greenland - store ice for very long periods. Ice from
Antarctica has been reliably dated to 800,000 years before present, though the average residence
time is shorter.

In hydrology, residence times can be estimated in two ways. The more common method relies on
the principle of conservation of mass and assumes the amount of water in a given reservoir is
roughly constant. With this method, residence times are estimated by dividing the volume of the
reservoir by the rate by which water either enters or exits the reservoir. Conceptually, this is
equivalent to timing how long it would take the reservoir to become filled from empty if no
water were to leave (or how long it would take the reservoir to empty from full if no water were
to enter).

An alternative method to estimate residence times, which is gaining in popularity for dating
groundwater, is the use of isotopic techniques. This is done in the subfield of isotope hydrology.

Changes over time

The water cycle describes the processes that drive the movement of water throughout the
hydrosphere. However, much more water is "in storage" for long periods of time than is actually
moving through the cycle. The storehouses for the vast majority of all water on Earth are the
oceans. It is estimated that of the 332,500,000 mi® (1,386,000,000 km3) of the world's water
supply, about 321,000,000 mi’ (1,338,000,000 km’ ) is stored in oceans, or about 95%. It is also
estimated that the oceans supply about 90% of the evaporated water that goes into the water
cycle.

During colder climatic periods more ice caps and glaciers form, and enough of the global water
supply accumulates as ice to lessen the amounts in other parts of the water cycle. The reverse is
true during warm periods. During the last ice age glaciers covered almost one-third of Earth's
land mass, with the result being that the oceans were about 400 ft (122 m) lower than today.
During the last global "warm spell," about 125,000 years ago, the seas were about 18 ft (5.5 m)
higher than they are now. About three million years ago the oceans could have been up to 165 ft
(50 m) higher.

The scientific consensus expressed in the 2007 Intergovernmental Panel on Climate Change

(IPCC) Summary for Policymakers is for the water cycle to continue to intensify throughout the
21st century, though this does not mean that precipitation will increase in all regions. In
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subtropical land areas — places that are already relatively dry — precipitation is projected to
decrease during the 21st century, increasing the probability of drought. The drying is projected to
be strongest near the poleward margins of the subtropics (for example, the Mediterranean Basin,
South Africa, southern Australia, and the Southwestern United States). Annual precipitation
amounts are expected to increase in near-equatorial regions that tend to be wet in the present
climate, and also at high latitudes. These large-scale patterns are present in nearly all of the
climate model simulations conducted at several international research centers as part of the 4th
Assessment of the [PCC.

Glacial retreat is also an example of a changing water cycle, where the supply of water to
glaciers from precipitation cannot keep up with the loss of water from melting and sublimation.
Glacial retreat since 1850 has been extensive.

Human activities that alter the water cycle include:

e agriculture

e industry

e alteration of the chemical composition of the atmosphere
e construction of dams

e deforestation and afforestation

e removal of groundwater from wells

e water abstraction from rivers

e urbanization

Effects on climate

The water cycle is powered from solar energy. 86% of the global evaporation occurs from the
oceans, reducing their temperature by evaporative cooling. Without the cooling, the effect of
evaporation on the greenhouse effect would lead to a much higher surface temperature of 67 °C
(153 °F), and a warmer planet.

Aquifer drawdown or overdrafting and the pumping of fossil water increases the total amount of
water in the hydrosphere that is subject to transpiration and evaporation thereby causing
accretion in water vapour and cloud cover which are the primary absorbers of infrared radiation
in the Earth's atmosphere. Adding water to the system has a forcing effect on the whole earth
system, an accurate estimate of which hydrogeological fact is yet to be quantified.

Effects on biogeochemical cycling

While the water cycle is itself a biogeochemical cycle, flow of water over and beneath the Earth
is a key component of the cycling of other biogeochemicals. Runoff is responsible for almost all
of the transport of eroded sediment and phosphorus from land to waterbodies. The salinity of the
oceans is derived from erosion and transport of dissolved salts from the land. Cultural
eutrophication of lakes is primarily due to phosphorus, applied in excess to agricultural fields in
fertilizers, and then transported overland and down rivers. Both runoff and groundwater flow
play significant roles in transporting nitrogen from the land to waterbodies. The dead zone at the

WORLD TECHNOLOGIES




outlet of the Mississippi River is a consequence of nitrates from fertilizer being carried off
agricultural fields and funnelled down the river system to the Gulf of Mexico. Runoff also plays
a part in the carbon cycle, again through the transport of eroded rock and soil.

Slow loss over geologic time

The hydrodynamic wind within the upper portion of a planet's atmosphere allows light chemical
elements such as Hydrogen to move up to the exobase, the lower limit of the exosphere, where
the gases can then reach escape velocity, entering outer space without impacting other particles
of gas. This type of gas loss from a planet into space is known as planetary wind. Planets with
hot lower atmospheres could result in humid upper atmospheres that accelerate the loss of
hydrogen.

Hydrological transport model

River in Madagascar relatively free of sediment load

An hydrological transport model is a mathematical model used to simulate river or stream flow
and calculate water quality parameters. These models generally came into use in the 1960s and
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1970s when demand for numerical forecasting of water quality was driven by environmental
legislation, and at a similar time widespread access to significant computer power became
available. Much of the original model development took place in the United States and United
Kingdom, but today these models are refined and used worldwide.

There are dozens of different transport models that can be generally grouped by pollutants
addressed, complexity of pollutant sources, whether the model is steady state or dynamic, and
time period modeled. Another important designation is whether the model is distributed (i.e.
capable of predicting multiple points within a river) or lumped. In a basic model, for example,
only one pollutant might be addressed from a simple point discharge into the receiving waters. In
the most complex of models, various line source inputs from surface runoff might be added to
multiple point sources, treating a variety of chemicals plus sediment in a dynamic environment
including vertical river stratification and interactions of pollutants with in-stream biota. In
addition watershed groundwater may also be included. The model is termed "physically based" if
its parameters can be measured in the field.

Often models have separate modules to address individual steps in the simulation process. The
most common module is a subroutine for calculation of surface runoff, allowing variation in land
use type, topography, soil type, vegetative cover, precipitation and land management practice
(such as the application rate of a fertilizer). The concept of hydrological modeling can be
extended to other environments such as the oceans, but most commonly the subject of a river
watershed is generally implied.

History

In 1850, T. J. Mulvany was probably the first investigator to use mathematical modeling in a
stream hydrology context, although there was no chemistry involved. By 1892 M.E. Imbeau had
conceived an event model to relate runoff to peak rainfall, again still with no chemistry. Robert
E. Horton’s seminal work on surface runoff along with his coupling of quantitative treatment of
erosion laid the groundwork for modern chemical transport hydrology.

Types of hydrological transport models

Physically based models

Physically based models (sometimes known as deterministic, comprehensive or process-based
models) try to represent the physical processes observed in the real world. Typically, such
models contain representations of surface runoff, subsurface flow, evapotranspiration, and
channel flow, but they can be far more complicated. "Large scale simulation experiments were
begun by the Corps of Engineers in 1953 for reservoir management on the main stem of the
Missouri River". This, and other early work that dealt with the River Nile and the Columbia
River are discussed, in a wider context, in a book published by the Harvard Water Resources
Seminar, that contains the sentence just quoted. Another early model that integrated many
submodels for basin chemical hydrology was the Stanford Watershed Model (SWM). The
SWMM (Storm Water Management Model), the HSPF (Hydrological Simulation Program -
FORTRAN) and other modern American derivatives are successors to this early work.
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In Europe a favoured comprehensive model is the Systéme Hydrologique Européen (SHE),
which has been succeeded by MIKE SHE and SHETRAN. MIKE SHE is a watershed-scale
physically based, spatially distributed model for water flow and sediment transport. Flow and
transport processes are represented by either finite difference representations of partial
differential equations or by derived empirical equations. The following principal submodels are
involved:

e Evapotranspiration: Penman-Monteith formalism

e Erosion: Detachment equations for raindrop and overland flow

e Overland and Channel Flow: Saint-Venant equations of continuity and momentum
e Overland Flow Sediment Transport: 2D total sediment load conservation equation
e Unsaturated Flow: Richards equation

e Saturated Flow: Darcy's law and the mass conservation of 2D laminar flow

e Channel Sediment Transport 1D mass conservation equation.

This model can analyze effects of land use and climate changes upon in-stream water quality,
with consideration of groundwater interactions.

Worldwide a number of basin models have been developed, among them RORB (Australia),
Xinanjiang (China), Tank model (Japan), ARNO (Italy), TOPMODEL (Europe), UBC (Canada)
and HBV (Scandinavia), MOHID Land (Portugal). However, not all these models have a
chemistry component. Generally speaking, SWM, SHE and TOPMODEL have the most
comprehensive stream chemistry treatment and have evolved to accommodate the latest data
sources including remote sensing and geographic information system data.

In the United States, the U.S. Army Corps of Engineers, Engineer Research and Development
Center in conjunction with a researchers at a number of universities have developed the Gridded
Surface/Subsurface Hydrologic Analysis GSSHA model. GSSHA is widely used in the U.S. for
research and analysis by U.S. Army Corps of Engineers districts and larger consulting companies
to compute flow, water levels, distributed erosion, and sediment delivery in complex engineering
designs. A distributed nutrient and contaminant fate and transport component is undergoing
testing. GSSHA input/output processing and interface with GIS is facilitated by the Watershed
Modeling System (WMS).

Another model used in the United States and worldwide is Vflo, a physics-based distributed
hydrologic model developed by Vieux & Associates, Inc. Vflo employs radar rainfall and GIS
data to compute spatially distributed overland flow and channel flow. Evapotranspiration,
inundation, infiltration, and snowmelt modeling capabilities are included. Applications include
civil infrastructure operations and maintenance, stormwater prediction and emergency
management, soil moisture monitoring, land use planning, water quality monitoring, and others.

Stochastic models

These models based on data are black box systems, using mathematical and statistical concepts
to link a certain input (for instance rainfall) to the model output (for instance runoff). Commonly
used techniques are regression, transfer functions, neural networks and system identification.
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These models are known as stochastic hydrology models. Data based models have been used
within hydrology to simulate the rainfall-runoff relationship, represent the impacts of antecedent
moisture and perform real-time control on systems.

Model components

Surface runoff modelling

Columbia River, which has surface runoff from agriculture and logging

A key component of a hydrological transport model is the surface runoff element, which allows
assessment of sediment, fertilizer, pesticide and other chemical contaminants. Building on the
work of Horton, the unit hydrograph theory was developed by Dooge in 1959. It required the
presence of the National Environmental Policy Act and kindred other national legislation to
provide the impetus to integrate water chemistry to hydrology model protocols. In the early
1970s the U.S. Environmental Protection Agency (EPA) began sponsoring a series of water
quality models in response to the Clean Water Act. An example of these efforts was developed at
the Southeast Water Laboratory, one of the first attempts to calibrate a surface runoff model with
field data for a variety of chemical contaminants.
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The attention given to surface runoff contaminant models has not matched the emphasis on pure
hydrology models, in spite of their role in the generation of stream loading contaminant data. In
the United States the EPA has had difficulty interpreting diverse proprietary contaminant models
and has to develop its own models more often than conventional resource agencies, who, focused
on flood forecasting, have had more of a centroid of common basin models.

Example applications

Liden applied the HBV model to estimate the riverine transport of three different substances,
nitrogen, phosphorus and suspended sediment in four different countries: Sweden, Estonia,
Bolivia and Zimbabwe. The relation between internal hydrological model variables and nutrient
transport was assessed. A model for nitrogen sources was developed and analysed in comparison
with a statistical method. A model for suspended sediment transport in tropical and semi-arid
regions was developed and tested. It was shown that riverine total nitrogen could be well
simulated in the Nordic climate and riverine suspended sediment load could be estimated fairly
well in tropical and semi-arid climates. The HBV model for material transport generally
estimated material transport loads well. The main conclusion of the study was that the HBV
model can be used to predict material transport on the scale of the drainage basin during
stationary conditions, but cannot be easily generalised to areas not specifically calibrated. In a
different work, Castanedo et al. applied an evolutionary algorithm to automated watershed model
calibration.

Lake Tahoe, headwater sub-basin of the Truckee River watershed

The United States EPA developed the DSSAM Model to analyze water quality impacts from
land use and wastewater management decisions in the Truckee River basin, an area which
include the cities of Reno and Sparks, Nevada as well as the Lake Tahoe basin. The model
satisfactorily predicted nutrient, sediment and dissolved oxygen parameters in the river. It is
based on a pollutant loading metric called "Total Daily Maximum Load" (TDML). The success
of this model contributed to the EPA’s commitment to the use of the underlying TDML protocol
in EPA’s national policy for management of many river systems in the United States.

The DSSAM Model is constructed to allow dynamic decay of most pollutants; for example, total
nitrogen and phosphorus are allowed to be consumed by benthic algae in each time step, and the
algal communities are given a separate population dynamic in each river reach (e.g. based upon
river temperature). Regarding stormwater runoff in Washoe County, the specific elements within
a new xeriscape ordinance were analyzed for efficacy using the model. For the varied
agricultural uses in the watershed, the model was run to understand the principal sources of
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impact, and management practices were developed to reduce in-river pollution. Use of the model
has specifically been conducted to analyze survival of two endangered species found in the
Truckee River and Pyramid Lake: the Cui-ui sucker fish and the Lahontan cutthroat trout.
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Chapter- 4

Marine Biology

Only 29 percent of the world surface is land. The rest is ocean, home to the marine lifeforms. The
oceans average four kilometers in depth and are fringed with coastlines that run for nearly 380,000
kilometres.

Marine biology is the scientific study of organisms in the ocean or other marine or brackish
bodies of water. Given that in biology many phyla, families and genera have some species that
live in the sea and others that live on land, marine biology classifies species based on the
environment rather than on taxonomy. Marine biology differs from marine ecology as marine
ecology is focused on how organisms interact with each other and the environment, and biology
is the study of the organisms themselves.

Marine life is a vast resource, providing food, medicine, and raw materials, in addition to helping
to support recreation and tourism all over the world. At a fundamental level, marine life helps
determine the very nature of our planet. Marine organisms contribute significantly to the oxygen
cycle, and are involved in the regulation of the Earth's climate. Shorelines are in part shaped and
protected by marine life, and some marine organisms even help create new land.
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Marine biology covers a great deal, from the microscopic, including most zooplankton and
phytoplankton to the huge cetaceans (whales) which reach up to a reported 48 meters (125 feet)
in length.

The habitats studied by marine biology include everything from the tiny layers of surface water
in which organisms and abiotic items may be trapped in surface tension between the ocean and
atmosphere, to the depths of the oceanic trenches, sometimes 10,000 meters or more beneath the
surface of the ocean. It studies habitats such as coral reefs, kelp forests, tidepools, muddy, sandy
and rocky bottoms, and the open ocean (pelagic) zone, where solid objects are rare and the
surface of the water is the only visible boundary.

A large proportion of all life on Earth exists in the oceans. Exactly how large the proportion is
unknown, since many ocean species are still to be discovered. While the oceans comprise about
71% of the Earth's surface, due to their depth they encompass about 300 times the habitable
volume of the terrestrial habitats on Earth.

Many species are economically important to humans, including food fish. It is also becoming
understood that the well-being of marine organisms and other organisms are linked in very
fundamental ways. The human body of knowledge regarding the relationship between life in the
sea and important cycles is rapidly growing, with new discoveries being made nearly every day.
These cycles include those of matter (such as the carbon cycle) and of air (such as Earth's
respiration, and movement of energy through ecosystems including the ocean). Large areas
beneath the ocean surface still remain effectively unexplored.

Subfields

The marine ecosystem is large, and thus there are many sub-fields of marine biology. Most
involve studying specializations of particular animal groups, such as phycology, invertebrate
zoology and ichthyology.

Other subfields study the physical effects of continual immersion in sea water and the ocean in
general, adaptation to a salty environment, and the effects of changing various oceanic properties
on marine life. A subfield of marine biology studies the relationships between oceans and ocean
life, and global warming and environmental issues (such as carbon dioxide displacement).

Recent marine biotechnology has focused largely on marine biomolecules, especially proteins,
that may have uses in medicine or engineering. Marine environments are the home to many

exotic biological materials that may inspire biomimetic materials.

Related fields

Marine biology is a branch of oceanography and is closely linked to biology. It also encompasses
many ideas from ecology. Fisheries science and marine conservation can be considered partial
offshoots of marine biology (as well as environmental studies).
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Lifeforms

A copepod

Microscopic life undersea is incredibly diverse and still poorly understood. For example, the role
of viruses in marine ecosystems is barely being explored even in the beginning of the 21st
century.

The role of phytoplankton is better understood due to their critical position as the most numerous
primary producers on Earth. Phytoplankton are categorized into cyanobacteria (also called blue-
green algae/bacteria), various types of algae (red, green, brown, and yellow-green), diatoms,
dinoflagellates, euglenoids, coccolithophorids, cryptomonads, chrysophytes, chlorophytes,
prasinophytes, and silicoflagellates.

Zooplankton tend to be somewhat larger, and not all are microscopic. Many Protozoa are
zooplankton, including dinoflagellates, zooflagellates, foraminiferans, and radiolarians. Some of
these (such as dinoflagellates) are also phytoplankton; the distinction between plants and animals
often breaks down in very small organisms. Other zooplankton include cnidarians, ctenophores,
chaetognaths, molluscs, arthropods, urochordates, and annelids such as polychaetes. Many larger
animals begin their life as zooplankton before they become large enough to take their familiar
forms. Two examples are fish larvae and sea stars (also called starfish).
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Plants and algae

Plant life is widespread and very diverse under the ocean. Microscopic photosynthetic algae
contribute a larger proportion of the worlds photosynthetic output than all the terrestrial forests
combined. Most of the niche occupied by sub plants on land is actually occupied by macroscopic
algae in the ocean, such as Sargassum and kelp, which are commonly known as seaweeds that
creates kelp forests. The non algae plants that survive in the sea are often found in shallow
waters, such as the seagrasses (examples of which are eelgrass, Zostera, and turtle grass,
Thalassia). These plants have adapted to the high salinity of the ocean environment. The
intertidal zone is also a good place to find plant life in the sea, where mangroves or cordgrass or
beach grass might grow. Microscopic algae and plants provide important habitats for life,
sometimes acting as hiding and foraging places for larval forms of larger fish and invertebrates.

L

A crown-of-thorns starfish

Marine invertebrates

As on land, invertebrates make up a huge portion of all life in the sea. Invertebrate sea life
includes Cnidaria such as jellyfish and sea anemones; Ctenophora; sea worms including the
phyla Platyhelminthes, Nemertea, Annelida, Sipuncula, Echiura, Chaetognatha, and Phoronida;
Mollusca including shellfish, squid, octopus; Arthropoda including Chelicerata and Crustacea;
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Porifera; Bryozoa; Echinodermata including starfish; and Urochordata including sea squirts or
tunicates.

Fish

Fish have evolved very different biological functions from other large organisms. Fish anatomy
includes a two-chambered heart, operculum, swim bladder, scales, fins, lips, eyes and secretory
cells that produce mucous. Fish breathe by extracting oxygen from water through their gills. Fins
propel and stabilize the fish in the water.

Well known fish include: sardines, anchovy, ling cod, clownfish (also known as anemonefish),
and bottom fish which include halibut or ling cod. Predators include sharks and barracuda.

Green turtle

Reptiles

Reptiles which inhabit or frequent the sea include sea turtles, sea snakes, terrapins, the marine
iguana, and the saltwater crocodile. Most extant marine reptiles, except for some sea snakes, are
oviparous and need to return to land to lay their eggs. Thus most species, excepting sea turtles,
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spend most of their lives on or near land rather than in the ocean. Despite their marine
adaptations, most sea snakes prefer shallow waters nearby land, around islands, especially waters
that are somewhat sheltered, as well as near estuaries. Some extinct marine reptiles, such as
ichthyosaurs, evolved to be viviparous and had no requirement to return to land.

Seabirds

Seabirds are species of birds adapted to living in the marine environment, examples including
albatross, penguins, gannets, and auks. Although they spend most of their lives in the ocean,
species such as gulls can often be found thousands of miles inland.

L a2

Sea otters
Marine mammals
There are five main types of marine mammals.
e Cetaceans include toothed whales (Suborder Odontoceti), such as the Sperm Whale, dolphins,

and porpoises such as the Dall's porpoise. Cetaceans also include baleen whales (Suborder
Mysticeti), such as the Gray Whale, Humpback Whale, and Blue Whale.
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e Sirenians include manatees, the Dugong, and the extinct Steller's Sea Cow.

e Seals (Family Phocidae), sea lions (Family Otariidae - which also include the fur seals), and the
Walrus (Family Odobenidae) are all considered pinnipeds.

o The Sea Otter is a member of the Family Mustelidae, which includes weasels and badgers.

e The Polar Bear (Family Ursidae) is sometimes considered a marine mammal because of its
dependence on the sea.

Marine habitats

Marine habitats

Coral reefs provide marine habitats for
tube sponges, which in turn become
marine habitats for fishes

Littoral zone
Intertidal zone
Estuaries

Kelp forests

Coral reefs

Ocean banks
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Continental shelf

Neritic zone

Straits

Pelagic zone

Oceanic zone

Seamounts

Hydrothermal vents

Cold seeps

Demersal zone

Benthic zone
Marine habitats can be divided into coastal and open ocean habitats. Coastal habitats are found in
the area that extends from the shoreline to the edge of the continental shelf. Most marine life is
found in coastal habitats, even though the shelf area occupies only seven percent of the total

ocean area. Open ocean habitats are found in the deep ocean beyond the edge of the continental
shelf

Alternatively, marine habitats can be divided into pelagic and demersal habitats. Pelagic habitats
are found near the surface or in the open water column, away from the bottom of the ocean.
Demersal habitats are near or on the bottom of the ocean. An organism living in a pelagic habitat
is said to be a pelagic organism, as in pelagic fish. Similarly, an organism living in a demersal
habitat is said to be a demersal organism, as in demersal fish. Pelagic habitats are intrinsically
shifting and ephemeral, depending on what ocean currents are doing.

Marine habitats can be modified by their inhabitants. Some marine organisms, like corals, kelp

and seagrasses, are ecosystem engineers which reshape the marine environment to the point
where they create further habitat for other organisms.
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Intertidal and shore

Tide pools with sea stars and sea anemone in Santa Cruz, California

Intertidal zones, those areas close to shore, are constantly being exposed and covered by the
ocean's tides. A huge array of life lives within this zone.

Shore habitats span from the upper intertidal zones to the area where land vegetation takes
prominence. It can be underwater anywhere from daily to very infrequently. Many species here
are scavengers, living off of sea life that is washed up on the shore. Many land animals also
make much use of the shore and intertidal habitats. A subgroup of organisms in this habitat bores
and grinds exposed rock through the process of bioerosion.

Reefs

Reefs comprise some of the densest and most diverse habitats in the world. The best-known
types of reefs are tropical coral reefs which exist in most tropical waters; however, reefs can also
exist in cold water. Reefs are built up by corals and other calcium-depositing animals, usually on
top of a rocky outcrop on the ocean floor. Reefs can also grow on other surfaces, which has made
it possible to create artificial reefs. Coral reefs also support a huge community of life, including
the corals themselves, their symbiotic zooxanthellae, tropical fish and many other organisms.

Much attention in marine biology is focused on coral reefs and the El Nifio weather
phenomenon. In 1998, coral reefs experienced the most severe mass bleaching events on record,
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when vast expanses of reefs across the world died because sea surface temperatures rose well
above normal. Some reefs are recovering, but scientists say that between 50% and 70% of the
world's coral reefs are now endangered and predict that global warming could exacerbate this
trend.

Open ocean

The open ocean is relatively unproductive because of a lack of nutrients, yet because it is so vast,
in total it produces the most primary productivity. Much of the aphotic zone's energy is supplied
by the open ocean in the form of detritus. The open ocean consists mostly of jellyfish and its
predators such as the mola mola.

Deep sea and trenches

The deepest recorded oceanic trenches measure to date is the Mariana Trench, near the
Philippines, in the Pacific Ocean at 10,924 m (35,838 ft). At such depths, water pressure is
extreme and there is no sunlight, but some life still exists. A white flatfish, a shrimp and a
jellyfish were seen by the American crew of the bathyscaphe Trieste when it dove to the bottom
in 1960.

Other notable oceanic trenches include Monterey Canyon, in the eastern Pacific, the Tonga
Trench in the southwest at 10,882 m (35,702 ft), the Philippine Trench, the Puerto Rico Trench
at 8,605 m (28,232 ft), the Romanche Trench at 7,760 m (24,450 ft), Fram Basin in the Arctic
Ocean at 4,665 m (15,305 ft), the Java Trench at 7450 m (24,442 ft), and the South Sandwich
Trench at 7,235 m (23,737 ft).

In general, the deep sea is considered to start at the aphotic zone, the point where sunlight loses
its power of transference through the water. Many life forms that live at these depths have the
ability to create their own light a unique evolution known as bio-luminescence.

Marine life also flourishes around seamounts that rise from the depths, where fish and other sea
life congregate to spawn and feed. Hydrothermal vents along the mid-ocean ridge spreading
centers act as oases, as do their opposites, cold seeps. Such places support unique biomes and
many new microbes and other lifeforms have been discovered at these locations.

Distribution factors

An active research topic in marine biology is to discover and map the life cycles of various
species and where they spend their time. Marine biologists study how the ocean currents, tides
and many other oceanic factors affect ocean lifeforms, including their growth, distribution and
well-being. This has only recently become technically feasible with advances in GPS and newer
underwater visual devices.

Most ocean life breeds in specific places, nests or not in others, spends time as juveniles in still

others, and in maturity in yet others. Scientists know little about where many species spend
different parts of their life cycles. For example, it is still largely unknown where sea turtles and
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some sharks travel. Tracking devices do not work for some life forms, and the ocean is not
friendly to technology. This is important to scientists and fishermen because they are discovering
that by restricting commercial fishing in one small area they can have a large impact in
maintaining a healthy fish population in a much larger area far away.
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Chapter- 5

Physical Oceanography

Present day Earth topography [m]
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World ocean bathymetry

Physical oceanography is the study of physical conditions and physical processes within the
ocean, especially the motions and physical properties of ocean waters.

Physical oceanography is one of several sub-domains into which oceanography is divided.
Others include biological, chemical and geological oceanographies.
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The physical setting

e

SO

Perspective view of the sea floor of the Atlantic Ocean and the Caribbean Sea. The purple sea floor at

the center of the view is the Puerto Rico Trench.

The pioneering oceanographer Matthew Maury said in 1855 "Our planet is invested with two
great oceans, one visible, the other invisible; one underfoot, the other overhead, one entirely
envelopes it, the other covers about two thirds of its surface.” The fundamental role of the oceans
in shaping Earth is acknowledged by ecologists, geologists, meteorologists, climatologists,
geographers and others interested in the physical world. An Earth without oceans would truly be
unrecognizable.

Roughly 97% of the planet's water is in its oceans, and the oceans are the source of the vast
majority of water vapor that condenses in the atmosphere and falls as rain or snow on the
continents. The tremendous heat capacity of the oceans moderates the planet's climate, and its
absorption of various gases affects the composition of the atmosphere. The ocean's influence
extends even to the composition of volcanic rocks through seafloor metamorphism, as well as to
that of volcanic gases and magmas created at subduction zones.

The oceans are far deeper than the continents are tall; examination of the Earth's hypsographic
curve shows that the average elevation of Earth's landmasses is only 840 metres (2,760 ft), while
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the ocean's average depth is 3,800 metres (12,500 ft). Though this apparent discrepancy is great,
for both land and sea, the respective extremes such as mountains and trenches are rare.

Area, volume plus mean and maximum depths of oceans (excluding adjacent seas)

Body Area (10°km?) Volume (10°km3) Mean depth (m) Maximum (m)
Pacific Ocean  165.2 707.6 4282 -10911
Atlantic Ocean 82.4 323.6 3926 -8605

Indian Ocean  73.4 291.0 3963 -8047
Southern Ocean 20.3 -7235

Arctic Ocean 14.1 1038

Caribbean Sea 2.8 -7686

Temperature, salinity and density

Sea—surface density [kg m_j]
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Because the vast majority of the world ocean's volume is deep water, the mean temperature of
seawater is low; roughly 75% of the ocean's volume has a temperature from 0° — 5°C (Pinet
1996). The same percentage falls in a salinity range between 34-35 ppt (3.4-3.5%) (Pinet 1996).
There is still quite a bit of variation, however. Surface temperatures can range from below
freezing near the poles to 35°C in restricted tropical seas, while salinity can vary from 10 to 41
ppt (1.0-4.1%).

The vertical structure of the temperature can be divided into three basic layers, a surface mixed
layer, where gradients are low, a thermocline where gradients are high, and a poorly stratified
abyss.

In terms of temperature, the ocean's layers are highly latitude-dependent; the thermocline is
pronounced in the tropics, but nonexistent in polar waters (Marshak 2001). The halocline usually
lies near the surface, where evaporation raises salinity in the tropics, or meltwater dilutes it in
polar regions. These variations of salinity and temperature with depth change the density of the
seawater, creating the pycnocline.

Circulation

Thermohaline Clrculatlon
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Density-driven thermohaline circulation

The ultimate energy source for the ocean circulation (and for the atmospheric circulation) is the
sun. The amount of sunlight absorbed at the surface varies strongly with latitude, being greater at
the equator than at the poles, and this engenders fluid motion in both the atmosphere and ocean
that acts to redistribute heat from the equator towards the poles, thereby reducing the temperature
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gradients that would exist in the absence of fluid motion. Perhaps three quarters of this heat is
carried in the atmosphere; the rest is carried in the ocean.

The atmosphere is heated from below, which leads to convection, the largest expression of which
is the Hadley circulation. By contrast the ocean is heated from above, which tends to suppress
convection. Instead ocean deep water is formed in polar regions where cold salty waters sink in
fairly restricted areas. This is the beginning of the thermohaline circulation.

Oceanic currents are largely driven by the surface wind stress; hence the large-scale atmospheric
circulation is important to understanding the ocean circulation. The Hadley circulation leads to
Easterly winds in the tropics and Westerlies in mid-latitudes, which creates an anticyclonic wind
stress curl over the subtropical ocean. This leads to slow equatorward flow throughout most of a
subtropical ocean basin (the Sverdrup balance). The return flow occurs in an intense, narrow,
poleward western boundary current. Like the atmosphere, the ocean is far wider than it is deep,
and hence horizontal motion is in general much faster than vertical motion. In the southern
hemisphere there is a continuous belt of ocean, and hence the mid-latitude westerlies force the
strong Antarctic Circumpolar Current. In the northern hemisphere the land masses prevent this
and the ocean circulation is broken into smaller gyres in the Atlantic and Pacific basins.

Coriolis effect

The Coriolis effect results in a deflection of fluid flows (to the right in the Northern Hemisphere
and left in the Southern Hemisphere). Because the distance around the Earth decreases as one
moves away from the equator, and because the Earth rotates in a counter clockwise direction as
seen from the north pole, air and water masses are deflected to the east as they move from the
equator to the poles, and to the west as they move from the poles to the equator. This has
profound effects on the flow of the oceans. In particular it means the flow goes around high and
low pressure systems, permitting them to persist for long periods of time. As a result, tiny
variations in pressure can produce measurable currents. A slope of one part in one million in sea
surface height, for example, will result in a current of 1 cm/s at mid-latitudes. The fact that the
Coriolis effect is largest at the poles and weak at the equator results in sharp, relatively steady
western boundary currents which are absent on eastern boundaries.

Ekman transport

Ekman Transport results in the net transport of surface water 90 degrees to the right of the wind
in the Northern Hemisphere, and 90 degrees to the left of the wind in the Southern Hemisphere.
As the wind blows across the surface of the ocean, it "grabs" onto a thin layer of the surface
water. In turn, that thin sheet of water transfers motion energy to the thin layer of water under it,
and so on. However, because of the Coriolis Effect, the direction of travel of the layers of water
slowly move farther and farther to the right as they get deeper in the Northern Hemisphere, and
to the left in the Southern Hemisphere. In most cases, the very bottom layer of water affected by
the wind is at a depth of 100 m — 150 m and is traveling about 180 degrees, completely opposite
of the direction that the wind is blowing. Overall, the net transport of water would be 90 degrees
from the original direction of the wind.
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Langmuir circulation

Langmuir circulation results in the occurrence of thin, visible stripes, called windrows on the
surface of the ocean parallel to the direction that the wind is blowing. If the wind is blowing with
more than 3 m s, it can create parallel windrows alternating upwelling and downwelling about
5-300 m apart. These windrows are created by adjacent ovular water cells (extending to about

6 m (20 ft) deep) alternating rotating clockwise and counterclockwise. In the convergence zones
debris, foam and seaweed accumulates, while at the divergencezones plankton are caught and
carried to the surface. If there are many plankton in the divergencezone fish are often attracted to
feed on them.

Ocean-atmosphere interface

B AN

Hurricane Isabel east of the Bahamas on 15 September 2003
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At the ocean-atmosphere interface, the ocean and atmosphere exchange fluxes of heat, moisture
and momentum.

Heat

The important heat terms at the surface are the sensible heat flux, the latent heat flux, the
incoming solar radiation and the balance of long-wave (infrared) radiation. In general, the
tropical oceans will tend to show a net gain of heat, and the polar oceans a net loss, the result of a
net transfer of energy polewards in the oceans.

The oceans' large heat capacity moderates the climate of areas adjacent to the oceans, leading to
a maritime climate at such locations. This can be a result of heat storage in summer and release
in winter; or of transport of heat from warmer locations: a particularly notable example of this is
Western Europe, which is heated at least in part by the north atlantic drift.

Momentum

Surface winds tend to be of order meters per second; ocean currents of order centimeters per
second. Hence from the point of view of the atmosphere, the ocean can be considered effectively
stationary; from the point of view of the ocean, the atmosphere imposes a significant wind stress
on its surface, and this forces large-scale currents in the ocean.

Through the wind stress, the wind generates ocean surface waves; the longer waves have a phase
velocity tending towards the wind speed. Momentum of the surface winds is transferred into the
energy flux by the ocean surface waves. The increased roughness of the ocean surface, by the
presence of the waves, changes the wind near the surface.

Moisture

The ocean can gain moisture from rainfall, or lose it through evaporation. Evaporative loss
leaves the ocean saltier; the Mediterranean and Persian Gulf for example have strong evaporative
loss; the resulting plume of dense salty water may be traced through the Straits of Gibraltar into
the Atlantic Ocean. At one time, it was believed that evaporation/precipitation was a major driver
of ocean currents; it is now known to be only a very minor factor.

Planetary waves
Kelvin Waves

A Kelvin wave is any progressive wave that is channeled between two boundaries or opposing
forces (usually between the Coriolis force and a coastline or the equator). There are two types,
coastal and equatorial. Kelvin waves are gravity driven and non-dispersive, meaning that the
phase speed of the wave at any one frequency will equal the group speed of the wave energy for
all frequencies. This means that Kelvin waves can retain their shape and direction over long
periods of time. They are usually created by a sudden shift in the wind, such as the change of the
trade winds at the beginning of the El Nifio-Southern Oscillation.
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Coastal Kelvin waves follow shorelines and will always propagate in a counterclockwise
direction in the Northern hemisphere (with the shoreline to the right of the direction of travel)
and clockwise in the Southern hemisphere.

Equatorial Kelvin waves propagate to the east in the Northern hemisphere and to the west in the
Southern hemisphere, using the equator as a guide.

Kelvin waves are known to have very high speeds, typically around 2—3 meters per second. They
have wavelengths of thousands of kilometers and amplitudes in the tens of meters.

Rossby Waves

Rossby waves, or planetary waves are huge, slow waves generated in the troposphere by
temperature differences between the ocean and the continents. Their major restoring force is the
change in Coriolis force with latitude. Their wave amplitudes are usually in the tens of meters
and very large wavelengths. They are usually found at low or mid latitudes

There are two types of Rossby waves, barotropic and baroclinic. Barotropic Rossby waves have
the highest speeds and do not vary vertically. Baroclinic Rossby waves are much slower.

The special identifying feature of Rossby waves is that the phase velocity of each individual
wave always has a westward component, but the group velocity can be in any direction. Usually
the shorter Rossby waves have an eastward group velocity and the longer ones have a westward
group velocity.

Climate variability
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December 1997 chart of ocean surface temperature anomaly [°C] during the last strong El Nifio

The interaction of ocean circulation, which serves as a type of heat pump, and biological effects
such as the concentration of carbon dioxide can result in global climate changes on a time scale
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of decades. Known climate oscillations resulting from these interactions, include the Pacific
decadal oscillation, North Atlantic oscillation, and Arctic oscillation. The oceanic process of
thermohaline circulation is a significant component of heat redistribution across the globe, and
changes in this circulation can have major impacts upon the climate.

Antarctic circumpolar wave

This is a coupled ocean/atmosphere wave that circles the Southern Ocean about every eight
years. Since it is a wave-2 phenomenon (there are two peaks and two troughs in a latitude circle)
at each fixed point in space a signal with a period of four years is seen. The wave moves
eastward in the direction of the Antarctic Circumpolar Current.

Ocean currents

Among the most important ocean currents are the:

e Antarctic Circumpolar Current
e Deep ocean (density-driven)
e Western boundary currents

o Gulf Stream
Kuroshio Current
Labrador Current
Oyashio Current
Agulhas Current
Brazil Current

o East Australia Current
e Eastern Boundary currents

o California Current

o Canary Current

o Peru Current

o Benguela Current

O O O O O

Antarctic circumpolar

The ocean body surrounding the Antarctic is currently the only continuous body of water where
there is a wide latitude band of open water. It interconnects the Atlantic, Pacific and Indian
oceans, and provide an uninterrupted stretch for the prevailing westerly winds to significantly
increase wave amplitudes. It is generally accepted that these prevailing winds are primarily
responsible for the circumpolar current transport. This current is now thought to vary with time,
possibly in an oscillatory manner.

Deep ocean

In the Norwegian Sea evaporative cooling is predominant, and the sinking water mass, the North
Atlantic Deep Water (NADW), fills the basin and spills southwards through crevasses in the
submarine sills that connect Greenland, Iceland and Britain. It then flows along the western
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boundary of the Atlantic with some part of the flow moving eastward along the equator and then
poleward into the ocean basins. The NADW is entrained into the Circumpolar Current, and can
be traced into the Indian and Pacific basins. Flow from the Arctic Ocean Basin into the Pacific,
however, is blocked by the narrow shallows of the Bering Strait.

Western boundary

An idealised subtropical ocean basin forced by winds circling around a high pressure
(anticyclonic) systems such as the Azores-Bermuda high develops a gyre circulation with slow
steady flows towards the equator in the interior. As discussed by Henry Stommel, these flows are
balanced in the region of the western boundary, where a thin fast polewards flow called a
western boundary current develops. Flow in the real ocean is more complex, but the Gulf stream,
Agulhas and Kuroshio are examples of such currents. They are narrow (approximately 100 km
across) and fast (approximately 1.5 m/s).

Equatorwards western boundary currents occur in tropical and polar locations, e.g. the East
Greenland and Labrador currents, in the Atlantic and the Oyashio. They are forced by winds

circulation around low pressure (cyclonic)

Gulf stream

The Gulf Stream, together with its northern extension, North Atlantic Current, is a powerful,
warm, and swift Atlantic ocean current that originates in the Gulf of Mexico, exits through the
Strait of Florida, and follows the eastern coastlines of the United States and Newfoundland to the
northeast before crossing the Atlantic Ocean.

Kuroshio

The Kuroshio Current is an ocean current found in the western Pacific Ocean off the east coast of
Taiwan and flowing northeastward past Japan, where it merges with the easterly drift of the
North Pacific Current. It is analogous to the Gulf Stream in the Atlantic Ocean, transporting
warm, tropical water northward towards the polar region.

Heat flux

Heat storage

Heat storage and transfer in the ocean is very uneven.

Sea level change

Tide gauges and satellite altimetry suggest an increase in sea level of 1.5-3 mm/yr over the past
100 years.

The IPCC predicts that by 2100, global warming will lead to a sea level rise of 110 to 880 mm.
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Rapid variations

Tides

The Bay of Fundy is a bay located on the Atlantic coast of North America, on the northeast end of the
Gulf of Maine between the provinces of New Brunswick and Nova Scotia.

The rise and fall of the oceans due to tidal effects is a key influence upon the coastal areas.
Ocean tides on the planet Earth are created by the gravitational effects of the Sun and Moon. The
tides produced by these two bodies are roughly comparable in magnitude, but the orbital motion
of the Moon results in tidal patterns that vary over the course of a month.

The ebb and flow of the tides produce a cyclical current along the coast, and the strength of this
current can be quite dramatic along narrow estuaries. Incoming tides can also produce a tidal
bore along a river or narrow bay as the water flow against the current results in a wave on the
surface.

Tide and Current (Wyban 1992) clearly illustrates the impact of these natural cycles on the
lifestyle and livelihood of Native Hawaiians tending coastal fishponds. Aia ke ola ka hana
meaning . . . Life is in labor.

Tidal resonance occurs in the Bay of Fundy since the time it takes for a large wave to travel from
the mouth of the bay to the opposite end, then reflect and travel back to the mouth of the bay
coincides with the timing between this repeating wave that is also reinforced by the tidal rhythm
producing the world's highest tides.

As the surface tide oscillates over topography, such as submerged seamounts or ridges, it
generates internal waves at the tidal frequency, which are known as internal tides.

Tsunamis

A series of surface waves can be generated due to large-scale displacement of the ocean water.
These can be caused by sub-marine landslides, seafloor deformations due to earthquakes, or the
impact of a large meteorite.

WORLD TECHNOLOGIES




The waves can travel with a velocity of up to several hundred km/hour across the ocean surface,
but in mid-ocean they are barely detectable with wavelengths spanning hundreds of kilometers.

Tsunamis, originally called tidal waves, were renamed because they are not related to the tides.
They are regarded as shallow-water waves, or waves in water with a depth less than 1/20 their
wavelength. Tsunamis have very large periods, high speeds, and great wave heights.

The primary impact of these waves is along the coastal shoreline, as large amounts of ocean
water are cyclically propelled inland and then drawn out to sea. This can result in significant
modifications to the coastline regions where the waves strike with sufficient energy.

The tsunami that occurred in Lituya Bay, Alaska on July 9, 1958 was 520 m (1,710 ft) high and
is the biggest tsunami ever measured, almost 90 m (300 ft) taller than the Sears Tower in
Chicago and about 110 m (360 ft) taller than the World Trade Center in New York.

Surface waves

The wind generates ocean surface waves, which have a large impact on offshore structures,
ships, coastal erosion and sedimentation, as well as harbours. After their generation by the wind,
ocean surface waves can travel (as swell) over long distances.
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Tide

Low Tide at the same fishing port in Bay of Fundy

High Tide, Alma, New Brunswick in the Bay of Fundy

Tides are the rise and fall of sea levels caused by the combined effects of the gravitational forces
exerted by the Moon and the Sun and the rotation of the Earth.

Most places in the ocean usually experience two high tides and two low tides each day
(semidiurnal tide), but some locations experience only one high and one low tide each day
(diurnal tide). The times and amplitude of the tides at the coast are influenced by the alignment
of the Sun and Moon, by the pattern of tides in the deep ocean (see figure 4) and by the shape of
the coastline and near-shore bathymetry (see figure 7).

Tides vary on timescales ranging from hours to years due to numerous influences. To make
accurate records, tide gauges at fixed stations measure the water level over time. Gauges ignore
variations caused by waves with periods shorter than minutes. These data are compared to the
reference (or datum) level usually called mean sea level.
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While tides are usually the largest source of short-term sea-level fluctuations, sea levels are also
subject to forces such as wind and barometric pressure changes, resulting in storm surges,
especially in shallow seas and near coasts.

Tidal phenomena are not limited to the oceans, but can occur in other systems whenever a

gravitational field that varies in time and space is present. For example, the solid part of the
Earth is affected by tides.

Characteristics

Distribution of Tidal Phases
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Fig. 1: Types of tides
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Tide changes proceed via the following stages:

e Sea level rises over several hours, covering the intertidal zone; flood tide.
e The water rises to its highest level, reaching high tide.

e Sea level falls over several hours, revealing the intertidal zone; ebb tide.
e The water stops falling, reaching low tide.

Tides produce oscillating currents known as tidal streams. The moment that the tidal current
ceases 1is called slack water or slack tide. The tide then reverses direction and is said to be
turning. Slack water usually occurs near high water and low water. But there are locations where
the moments of slack tide differ significantly from those of high and low water.

Tides are most commonly semidiurnal (two high waters and two low waters each day), or
diurnal (one tidal cycle per day). The two high waters on a given day are typically not the same
height (the daily inequality); these are the higher high water and the lower high water in tide
tables. Similarly, the two low waters each day are the higher low water and the lower low water.
The daily inequality is not consistent and is generally small when the Moon is over the equator.

Tidal constituents

Tidal changes are the net result of multiple influences that act over varying periods. These
influences are called tidal constituents. The primary constituents are the Earth's rotation, the
positions of Moon and the Sun relative to Earth, the Moon's altitude (elevation) above the Earth's
equator, and bathymetry.

Variations with periods of less than half a day are called harmonic constituents. Conversely,
cycles of days, months, or years are referred to as long period constituents.

The tidal forces affect the entire earth, but the movement of the solid Earth is only centimetres.
The atmosphere is much more fluid and compressible so its surface moves kilometres, in the
sense of the contour level of a particular low pressure in the outer atmosphere.

Principal lunar semidiurnal constituent

In most locations, the largest constituent is the "principal lunar semidiurnal", also known as the
M2 (or M) tidal constituent. Its period is about 12 hours and 25.2 minutes, exactly half a tidal/
lunar day, which is the average time separating one lunar zenith from the next, and thus is the
time required for the Earth to rotate once relative to the Moon. Simple tide clocks track this
constituent. The lunar day is longer than the Earth day because the Moon orbits in the same
direction the Earth spins. This is analogous to the minute hand on a watch crossing the hour hand
at 12:00 and then again at about 1:05 (not at 1:00).

The Moon orbits the Earth in the same direction as the Earth rotates on its axis, so it takes
slightly more than a day—about 24 hours and 50 minutes—for the Moon to return to the same
location in the sky. During this time, it has passed overhead once and underfoot once, so in many
places the period of strongest tidal forcing is the above mentioned, about 12 hours and 25
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minutes. The high tides do not necessarily occur when the Moon is overhead or underfoot, but
the period of the forcing still determines the time between high tides.

Because the gravitational field created by the Moon weakens with distance from the moon, it
exerts a slightly harder tidal force on the side of the Earth facing the Moon than on the opposite
side. The Moon thus tends to "stretch" the Earth slightly along the line connecting the two
bodies. The solid Earth deforms a bit, but ocean water, being fluid, is free to move much more in
response to the tidal force, particularly horizontally. As the Earth rotates, the magnitude and
direction of the tidal force at any particular point on the Earth's surface change constantly;
although the ocean never reaches equilibrium—there is never time for the fluid to "catch up" to
the state it would eventually reach if the tidal force were constant—the changing tidal force
nonetheless causes rhythmic changes in sea surface height.

Semidiurnal range differences

When there are two high tides each day with different heights (and two low tides also of different
heights), the pattern is called a mixed semidiurnal tide.

Range variation: springs and neaps

New moon

'x?eap tide

OThird quarter moon

Spring tide

First quarter mDDnD
Neap tldeK )/

Spring tide

FuII moon

The types of tides
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The semidiurnal range (the difference in height between high and low waters over about a half
day) varies in a two-week cycle. Approximately twice a month, around new moon and full moon
when the Sun, Moon and Earth form a line (a condition known as syzygy) the tidal force due to
the Sun reinforces that due to the Moon. The tide's range is then at its maximum: this is called
the spring tide, or just springs. It is not named after the season but, like that word, derives from
an earlier meaning of "jump, burst forth, rise" as in a natural spring.

When the Moon is at first quarter or third quarter, the Sun and Moon are separated by 90° when
viewed from the Earth, and the solar tidal force partially cancels the Moon's. At these points in
the lunar cycle, the tide's range is at its minimum: this is called the neap tide, or neaps (a word of
uncertain origin). Spring tides result in high waters that are higher than average, low waters that
are lower than average, 'slack water' time that is shorter than average and stronger tidal currents
than average. Neaps result in less extreme tidal conditions. There is about a seven-day interval
between springs and neaps.
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Lunar altitude

E

Negative low tide at Ocean Beach in San Francisco

The changing distance separating the Moon and Earth also affects tide heights. When the Moon
is at perigee, the range increases, and when it is at apogee, the range shrinks. Every 7% lunations
(the full cycles from full moon to new to full), perigee coincides with either a new or full moon
causing perigean spring tides with the largest tidal range. If a storm happens to be moving
onshore at this time, the consequences (property damage, etc.) can be severe.

Bathymetry

The shape of the shoreline and the ocean floor changes the way that tides propagate, so there is
no simple, general rule that predicts the time of high water from the Moon's position in the sky.
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Coastal characteristics such as underwater bathymetry and coastline shape mean that individual
location characteristics affect tide forecasting; actual high water time and height may differ from
model predictions due to the coastal morphology's effects on tidal flow. However, for a given
location the relationship between lunar altitude and the time of high or low tide (the lunitidal
interval) is relatively constant and predictable, as is the time of high or low tide relative to other
points on the same coast. For example, the high tide at Norfolk, Virginia, predictably occurs
approximately two and a half hours before the Moon passes directly overhead.

Land masses and ocean basins act as barriers against water moving freely around the globe, and
their varied shapes and sizes affect the size of tidal frequencies. As a result, tidal patterns vary.
For example, in the U.S., the East coast has predominantly semi-diurnal tides, as do Europe's
Atlantic coasts, while the West coast predominantly has mixed tides.

Other constituents

These include solar gravitational effects, the obliquity (tilt) of the Earth's equator and rotational
axis, the inclination of the plane of the lunar orbit and the elliptical shape of the Earth's orbit of
the Sun.

A compound tide (or overtide) results from the shallow-water interaction of its two parent waves.

Phase and amplitude

GOT992

A T

MNASA/GSFC

o's g

R Ray
Space Gendesy Boanch

MR T [ T —

Q 10 20 30 40 A0 &0 70 B0 90 100 110 120 130 eom

Fig. 4: The M, tidal constituent. Amplitude is indicated by color, and the white lines are cotidal differing
by 1 hour. The curved arcs around the amphidromic points show the direction of the tides, each
indicating a synchronized 6-hour period.
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Because the M, tidal constituent dominates in most locations, the stage or phase of a tide,
denoted by the time in hours after high water is a useful concept. Tidal stage is also measured in
degrees, with 360° per tidal cycle. Lines of constant tidal phase are called cotidal lines,
analogous to lines on topographical maps. High water is reached simultaneously along the
cotidal lines extending from the coast out into the ocean, and cotidal lines (and hence tidal
phases) advance along the coast. Semidiurnal and long phase constituents are measured from
high water, diurnal from maximum flood tide. This and the discussion that follows is precisely
true only for a single tidal constituent.

For an ocean in the shape of a circular basin enclosed by a coastline, the cotidal lines point
radially inward and must eventually meet at a common point, the amphidromic point. The
amphidromic point is at once cotidal with high and low waters, which is satisfied by zero tidal
motion. (The rare exception occurs when the tide encircles an island, as it does around New
Zealand and Madagascar.) Tidal motion generally lessens moving away from continental coasts,
so that crossing the cotidal lines are contours of constant amplitude (half the distance between
high and low water) which decrease to zero at the amphidromic point. For a semidiurnal tide the
amphidromic point can be thought of roughly like the center of a clock face, with the hour hand
pointing in the direction of the high water cotidal line, which is directly opposite the low water
cotidal line. High water rotates about the amphidromic point once every 12 hours in the direction
of rising cotidal lines, and away from ebbing cotidal lines. This rotation is generally clockwise in
the southern hemisphere and counterclockwise in the northern hemisphere, and is caused by the
Coriolis effect. The difference of cotidal phase from the phase of a reference tide is the epoch.
The reference tide is the hypothetical constituent equilibrium tide on a landless Earth measured
at 0° longitude, the Greenwich meridian.

In the North Atlantic, because the cotidal lines circulate counterclockwise around the
amphidromic point, the high tide passes New York Harbor approximately an hour ahead of
Norfolk Harbor. South of Cape Hatteras the tidal forces are more complex, and cannot be
predicted reliably based on the North Atlantic cotidal lines.

Physics

History of tidal physics

Tidal physics was important in the early development of heliocentrism and celestial mechanics,
with the existence of two daily tides being explained by the Moon's gravity. Later the daily tides
were explained more precisely by the interaction of the Moon's gravity and the Sun's gravity to
cause the variation of tides.

An early explanation of tides was given by Galileo Galilei in his 1632 Dialogue Concerning the
Two Chief World Systems, whose working title was Dialogue on the Tides. However, the
resulting theory was incorrect - he attributed the tides to water sloshing due to the Earth's
movement around the Sun, hoping to provide mechanical proof of the Earth's movement - and
the value of the theory is disputed, as discussed there. At the same time Johannes Kepler
correctly suggested that the Moon caused the tides, based upon ancient observation and
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correlations, an explanation which was rejected by Galileo. It was originally mentioned in
Ptolemy's Tetrabiblos as being derived from ancient observation.

Isaac Newton (1642—1727) was the first person to explain tides by the gravitational attraction of
masses. His explanation of the tides (and many other phenomena) was published in the Principia
(1687). and used his theory of universal gravitation to account for the tide-generating forces as
due to the lunar and solar attractions. Newton and others before Pierre-Simon Laplace worked
with an equilibrium theory, largely concerned with an approximation that describes the tides that
would occur in a non-inertial ocean evenly covering the whole Earth. The tide-generating force
(or its corresponding potential) is still relevant to tidal theory, but as an intermediate quantity
rather than as a final result; theory has to consider also the Earth's accumulated dynamic tidal
response to the force, a response that is influenced by bathymetry, Earth's rotation, and other
factors.

In 1740, the Académie Royale des Sciences in Paris offered a prize for the best theoretical essay
on tides. Daniel Bernoulli, Leonhard Euler, Colin Maclaurin and Antoine Cavalleri shared the
prize.

Maclaurin used Newton’s theory to show that a smooth sphere covered by a sufficiently deep
ocean under the tidal force of a single deforming body is a prolate spheroid (essentially a three
dimensional oval) with major axis directed toward the deforming body. Maclaurin was the first
to write about the Earth's rotational effects on motion. Euler realized that the tidal force's
horizontal component (more than the vertical) drives the tide. In 1744 Jean le Rond d'Alembert
studied tidal equations for the atmosphere which did not include rotation.

Pierre-Simon Laplace formulated a system of partial differential equations relating the ocean's
horizontal flow to its surface height, the first major dynamic theory for water tides. The Laplace
tidal equations are still in use today. William Thomson, 1st Baron Kelvin, rewrote Laplace's
equations in terms of vorticity which allowed for solutions describing tidally-driven coastally-
trapped waves, known as Kelvin waves.

Others including Kelvin and Henri Poincaré¢ further developed Laplace's theory. Based on these
developments and the lunar theory of E W Brown describing the motions of the moon, Arthur
Thomas Doodson developed and published in 1921 the first modern development of the tide-
generating potential in harmonic form: Doodson distinguished 388 tidal frequencies. Some of his
methods remain in use.

Forces

The tidal force produced by a massive object (Moon, hereafter) on a small particle located on or
in an extensive body (Earth, hereafter) is the vector difference between the gravitational force
exerted by the Moon on the particle, and the gravitational force that would be exerted on the
particle if it were located at the Earth's center of mass. Thus, the tidal force depends not on the
strength of the lunar gravitational field, but on its gradient (which falls off approximately as the
inverse cube of the distance to the originating gravitational body). The solar gravitational force
on the Earth is on average 179 times stronger than the lunar, but because the Sun is on average
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389 times farther from the Earth, its field gradient is weaker. The solar tidal force is 46% as large
as the lunar. More precisely, the lunar tidal acceleration (along the Moon-Earth axis, at the
Earth's surface) is about 1.1 x 10~ g, while the solar tidal acceleration (along the Sun-Earth axis,
at the Earth's surface) is about 0.52 x 10™' g, where g is the gravitational acceleration at the
Earth's surface. Venus has the largest effect of the other planets, at 0.000113 times the solar
effect.

Satellite—»

Fig. 6: The lunar gravity differential field at the Earth's surface is known as the tide-generating force. This
is the primary mechanism that drives tidal action and explains two equipotential tidal bulges, accounting
for two daily high waters.

Tidal forces can also be analysed this way: each point of the Earth experiences the Moon's
radially decreasing gravity differently; they are subject to the tidal forces of Figure 6, which
dominate. Finally, most importantly, only the tidal forces' horizontal components actually tidally
accelerate the water particles since there is small resistance. The tidal force on a particle equals
about one ten millionth that of Earth's gravitational force.

The ocean's surface is closely approximated by an equipotential surface, (ignoring ocean
currents) commonly referred to as the geoid. Since the gravitational force is equal to the
potential's gradient, there are no tangential forces on such a surface, and the ocean surface is thus
in gravitational equilibrium. Now consider the effect of massive external bodies such as the
Moon and Sun. These bodies have strong gravitational fields that diminish with distance in space
and which act to alter the shape of an equipotential surface on the Earth. This deformation has a
fixed spatial orientation relative to the influencing body. The Earth's rotation relative to this
shape causes the daily tidal cycle. Gravitational forces follow an inverse-square law (force is
inversely proportional to the square of the distance), but tidal forces are inversely proportional to
the cube of the distance. The ocean surface moves to adjust to changing tidal equipotential,
tending to rise when the tidal potential is high, which occurs on the part of the Earth nearest to
and furthest from the Moon. When the tidal equipotential changes, the ocean surface is no longer
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aligned with it, so that the apparent direction of the vertical shifts. The surface then experiences a
down slope, in the direction that the equipotential has risen.

Laplace's tidal equations

Ocean depths are much smaller than their horizontal extent. Thus, the response to tidal forcing
can be modelled using the Laplace tidal equations which incorporate the following features:

The vertical (or radial) velocity is negligible, and there is no vertical shear—this is a sheet flow.
The forcing is only horizontal (tangential).

The Coriolis effect appears as a fictitious lateral forcing proportional to velocity.

The surface height's rate of change is proportional to the negative divergence of velocity
multiplied by the depth. As the horizontal velocity stretches or compresses the ocean as a sheet,
the volume thins or thickens, respectively.

PwnNPRE

The boundary conditions dictate no flow across the coastline and free slip at the bottom.

The Coriolis effect steers waves to the right in the northern hemisphere and to the left in the
southern allowing coastally trapped waves. Finally, a dissipation term can be added which is an
analog to viscosity.

Amplitude and cycle time

The theoretical amplitude of oceanic tides caused by the Moon is about 54 centimetres (21 in) at
the highest point, which corresponds to the amplitude that would be reached if the ocean
possessed a uniform depth, there were no landmasses, and the Earth were rotating in step with
the Moon's orbit. The Sun similarly causes tides, of which the theoretical amplitude is about

25 centimetres (9.8 in) (46% of that of the Moon) with a cycle time of 12 hours. At spring tide
the two effects add to each other to a theoretical level of 79 centimetres (31 in), while at neap
tide the theoretical level is reduced to 29 centimetres (11 in). Since the orbits of the Earth about
the Sun, and the Moon about the Earth, are elliptical, tidal amplitudes change somewhat as a
result of the varying Earth—Sun and Earth—-Moon distances. This causes a variation in the tidal
force and theoretical amplitude of about +18% for the Moon and £5% for the Sun. If both the
Sun and Moon were at their closest positions and aligned at new moon, the theoretical amplitude
would reach 93 centimetres (37 in).

Real amplitudes differ considerably, not only because of depth variations and continental
obstacles, but also because wave propagation across the ocean has a natural period of the same
order of magnitude as the rotation period: if there were no land masses, it would take about 30
hours for a long wavelength surface wave to propagate along the equator halfway around the
Earth (by comparison, the Earth's lithosphere has a natural period of about 57 minutes). Earth
tides, which raise and lower the bottom of the ocean, and the tide's own gravitational self
attraction are both significant and further complicate the ocean's response to tidal forces.
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Dissipation

Earth's tidal oscillations introduce dissipation at an average rate of about 3.75 terawatt. About
98% of this dissipation is by marine tidal movement. Dissipation arises as basin-scale tidal flows
drive smaller-scale flows which experience turbulent dissipation. This tidal drag creates torque
on the Moon that gradually transfers angular momentum to its orbit, and a gradual increase in
Earth—-Moon separation. The equal and opposite torque on the Earth correspondingly decreases
its rotational velocity. Thus, over geologic time, the Moon recedes from the Earth, at about

3.8 centimetres (1.5 in)/year, lengthening the terrestrial day. Day length has increased by about 2
hours in the last 600 million years. Assuming (as a crude approximation) that the deceleration
rate has been constant, this would imply that 70 million years ago, day length was on the order of
1% shorter with about 4 more days per year.

Observation and prediction

History

Brouscon's Almanach of 1546: Tidal diagrams "according to the age of the Moon"

From ancient times, tidal observation and discussion has increased in sophistication, first
marking the daily recurrence, then tides' relationship to the Sun and Moon. Pytheas travelled to
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the British Isles about 325 BC and seems to be the first to have related spring tides to the phase
of the Moon.

In the 2nd century BC, the Babylonian astronomer, Seleucus of Seleucia, correctly described the
phenomenon of tides in order to support his heliocentric theory. He correctly theorized that tides
were caused by the Moon, although he believed that the interaction was mediated by the pneuma.
He noted that tides varied in time and strength in different parts of the world. According to
Strabo (1.1.9), Seleucus was the first to link tides to the lunar attraction, and that the height of the
tides depends on the Moon's position relative to the Sun.

In China, Wang Chong (27-100 AD) correlated tide to the moon's movement in the book entitled
Lunheng. He noted that "tide's rise and fall follow the moon and vary in magnitude."

The Naturalis Historia of Pliny the Elder collates many tidal observations, e.g., the spring tides
are a few days after (or before) new and full moon and are highest around the equinoxes, though
Pliny noted many relationships now regarded as fanciful. In his Geography, Strabo described
tides in the Persian Gulf having their greatest range when the Moon was furthest from the plane
of the equator. All this despite the relatively small amplitude of Mediterranean basin tides. (The
strong currents through the Strait of Messina and between Greece and the island of Euboea
through the Euripus puzzled Aristotle). Philostratus discussed tides in Book Five of The Life of
Apollonius of Tyana. Philostratus mentions the Moon, but attributes tides to "spirits". In Europe
around 730 AD, the Venerable Bede described how the rising tide on one coast of the British
Isles coincided with the fall on the other and described the time progression of high water along
the Northumbrian coast.

In the 9th century, the Arabian earth-scientist, Al-Kindi (Alkindus), wrote a treatise entitled
Risala fi I-1lla al-Failali I-Madd wa [-Fazr (Treatise on the Efficient Cause of the Flow and
Ebb), in which he presents an argument on tides which "depends on the changes which take
place in bodies owing to the rise and fall of temperature." He describes a precise laboratory
experiment that proved his argument.

The first tide table in China was recorded in 1056 AD primarily for visitors wishing to see the
famous tidal bore in the Qiantang River. The first known British tide table is thought to be that of
John Wallingford, who died Abbot of St. Albans in 1213, based on high water occurring 48
minutes later each day, and three hours earlier at the Thames mouth than upriver at London.

William Thomson (Lord Kelvin) led the first systematic harmonic analysis of tidal records
starting in 1867. The main result was the building of a tide-predicting machine using a system of
pulleys to add together six harmonic time functions. It was "programmed" by resetting gears and
chains to adjust phasing and amplitudes. Similar machines were used until the 1960s.

The first known sea-level record of an entire spring—neap cycle was made in 1831 on the Navy
Dock in the Thames Estuary. Many large ports had automatic tide gage stations by 1850.

William Whewell first mapped co-tidal lines ending with a nearly global chart in 1836. In order
to make these maps consistent, he hypothesized the existence of amphidromes where co-tidal
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lines meet in the mid-ocean. These points of no tide were confirmed by measurement in 1840 by
Captain Hewett, RN, from careful soundings in the North Sea.

Timing

Fig. 7: The same tidal forcing has different results depending on many factors, including coast
orientation, continental shelf margin, water body dimensions.

There is a delay between the phases of the Moon and the effect on the tide. Springs and neaps in
the North Sea, for example, are two days behind the new/full moon and first/third quarter moon.
This is called the tide's age.

The local bathymetry greatly influences the tide's exact time and height at a particular coastal
point. There are some extreme cases: the Bay of Fundy, on the east coast of Canada, features the
world's largest well-documented tidal ranges, 16 metres (52 ft) because of its shape. Some
experts believe Ungava Bay in northern Quebec to have even higher tidal ranges, but it is free of
pack ice for only about four months every year, while the Bay of Fundy rarely freezes.

Southampton in the United Kingdom has a double high water caused by the interaction between
the region's different tidal harmonics, caused primarily by the east/west orientation of the
English Channel and the fact that when it is high water at Dover it is low water at Land's End
(some 300 nautical miles distant) and vice versa. This is contrary to the popular belief that the
flow of water around the Isle of Wight creates two high waters. The Isle of Wight is important,
however, since it is responsible for the 'Young Flood Stand', which describes the pause of the
incoming tide about three hours after low water.

Because the oscillation modes of the Mediterranean Sea and the Baltic Sea do not coincide with

any significant astronomical forcing period, the largest tides are close to their narrow
connections with the Atlantic Ocean. Extremely small tides also occur for the same reason in the
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Gulf of Mexico and Sea of Japan. Elsewhere, as along the southern coast of Australia, low tides
can be due to the presence of a nearby amphidrome (see figure 4).

Analysis

High water spring tide

High water neap tide

Low water neap tide —
Low water spriﬁg tide <

Average low water spring tide/ /
Average low water neap tide

A regular water level chart

Isaac Newton's theory of gravitation first enabled an explanation of why there were generally
two tides a day, not one, and offered hope for detailed understanding. Although it may seem that
tides could be predicted via a sufficiently detailed knowledge of the instantaneous astronomical
forcings, the actual tide at a given location is determined by astronomical forces accumulated
over many days. Precise results require detailed knowledge of the shape of all the ocean basins—
their bathymetry and coastline shape.

Current procedure for analysing tides follows the method of harmonic analysis introduced in the
1860s by William Thomson. It is based on the principle that the astronomical theories of the
motions of Sun and Moon determine a large number of component frequencies, and at each
frequency there is a component of force tending to produce tidal motion, but that at each place of
interest on the Earth, the tides respond at each frequency with an amplitude and phase peculiar to
that locality. At each place of interest, the tide heights are therefore measured for a period of
time sufficiently long (usually more than a year in the case of a new port not previously studied)
to enable the response at each significant tide-generating frequency to be distinguished by
analysis, and to extract the tidal constants for a sufficient number of the strongest known
components of the astronomical tidal forces to enable practical tide prediction. The tide heights
are expected to follow the tidal force, with a constant amplitude and phase delay for each
component. Because astronomical frequencies and phases can be calculated with certainty, the
tide height at other times can then be predicted once the response to the harmonic components of
the astronomical tide-generating forces has been found.

The main patterns in the tides are
e the twice-daily variation
e the difference between the first and second tide of a day

e the spring—neap cycle
e the annual variation
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The Highest Astronomical Tide is the perigean spring tide when both the Sun and the Moon are
closest to the Earth.

When confronted by a periodically varying function, the standard approach is to employ Fourier
series, a form of analysis that uses sinusoidal functions as a basis set, having frequencies that are
zero, one, two, three, etc. times the frequency of a particular fundamental cycle. These multiples
are called harmonics of the fundamental frequency, and the process is termed harmonic analysis.
If the basis set of sinusoidal functions suit the behaviour being modelled, relatively few
harmonic terms need to be added. Orbital paths are very nearly circular, so sinusoidal variations
are suitable for tides.

For the analysis of tide heights, the Fourier series approach has in practice to be made more
elaborate than the use of a single frequency and its harmonics. The tidal patterns are decomposed
into many sinusoids having many fundamental frequencies, corresponding (as in the lunar
theory) to many different combinations of the motions of the Earth, the Moon, and the angles
that define the shape and location of their orbits.

For tides, then, harmonic analysis is not limited to harmonics of a single frequency. In other
words, the harmonies are multiples of many fundamental frequencies, not just of the fundamental
frequency of the simpler Fourier series approach. Their representation as a Fourier series having
only one fundamental frequency and its (integer) multiples would require many terms, and would
be severely limited in the time-range for which it would be valid.

The study of tide height by harmonic analysis was begun by Laplace, William Thomson (Lord
Kelvin), and George Darwin. A.T. Doodson extended their work, introducing the Doodson
Number notation to organise the hundreds of resulting terms. This approach has been the
international standard ever since, and the complications arise as follows: the tide-raising force is
notionally given by sums of several terms. Each term is of the form

A-cos(w-t + p)

where 4 is the amplitude, w is the angular frequency usually given in degrees per hour
corresponding to # measured in hours, and p is the phase offset with regard to the astronomical
state at time ¢ = 0. There is one term for the Moon and a second term for the Sun. The phase p of
the first harmonic for the Moon term is called the lunitidal interval or high water interval. The
next step is to accommodate the harmonic terms due to the elliptical shape of the orbits.
Accordingly, the value of 4 is not a constant but also varying with time, slightly, about some
average figure. Replace it then by A(¢) where A is another sinusoid, similar to the cycles and
epicycles of Ptolemaic theory. Accordingly,

A(t) = A-(1 + A,-cos(w,t + pa)),

which is to say an average value 4 with a sinusoidal variation about it of magnitude 4,, with
frequency w, and phase p,. Thus the simple term is now the product of two cosine factors:

A:[1+ A,cos(w, + p,)]-cos(w-t + p)
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Given that for any x and y
cos(x)-cos(y) = ¥%-cos(x + y) + ¥s-cos(x—y),

it is clear that a compound term involving the product of two cosine terms each with their own
frequency is the same as three simple cosine terms that are to be added at the original frequency
and also at frequencies which are the sum and difference of the two frequencies of the product
term. (Three, not two terms, since the whole expression is (1 + cos(x))-cos(y).) Consider further
that the tidal force on a location depends also on whether the Moon (or the Sun) is above or
below the plane of the equator, and that these attributes have their own periods also
incommensurable with a day and a month, and it is clear that many combinations result. With a
careful choice of the basic astronomical frequencies, the Doodson Number annotates the
particular additions and differences to form the frequency of each simple cosine term.

TIDAL PREDICTIONS
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Fig. 8: Tidal prediction summing constituent parts

Remember that astronomical tides do not include weather effects. Also, changes to local
conditions (sandbank movement, dredging harbour mouths, etc.) away from those prevailing at
the measurement time affect the tide's actual timing and magnitude. Organisations quoting a
"highest astronomical tide" for some location may exaggerate the figure as a safety factor against
analytical uncertainties, distance from the nearest measurement point, changes since the last
observation time, ground subsidence, etc., to avert liability should an engineering work be
overtopped. Special care is needed when assessing the size of a "weather surge" by subtracting
the astronomical tide from the observed tide.

Careful Fourier data analysis over a nineteen-year period (the National Tidal Datum Epoch in the

U.S.) uses frequencies called the tidal harmonic constituents. Nineteen years is preferred because
the Earth, Moon and Sun's relative positions repeat almost exactly in the Metonic cycle of
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19 years, which is long enough to include the 18.613 year lunar nodal tidal constituent. This
analysis can be done using only the knowledge of the forcing period, but without detailed
understanding of the mathematical derivation, which means that useful tidal tables have been
constructed for centuries. The resulting amplitudes and phases can then be used to predict the
expected tides. These are usually dominated by the constituents near 12 hours (the semidiurnal
constituents), but there are major constituents near 24 hours (diurnal) as well. Longer term
constituents are 14 day or fortnightly, monthly, and semiannual. Semidiurnal tides dominated
coastline, but some areas such as the South China Sea and the Gulf of Mexico are primarily
diurnal. In the semidiurnal areas, the primary constituents M, (lunar) and S, (solar) periods differ
slightly, so that the relative phases, and thus the amplitude of the combined tide, change
fortnightly (14 day period).

In the M, plot above, each cotidal line differs by one hour from its neighbors, and the thicker
lines show tides in phase with equilibrium at Greenwich. The lines rotate around the
amphidromic points counterclockwise in the northern hemisphere so that from Baja California
Peninsula to Alaska and from France to Ireland the M, tide propagates northward. In the southern
hemisphere this direction is clockwise. On the other hand M, tide propagates counterclockwise
around New Zealand, but this is because the islands act as a dam and permit the tides to have
different heights on the islands' opposite sides. (The tides do propagate northward on the east
side and southward on the west coast, as predicted by theory.)

The exception is at Cook Strait where the tidal currents periodically link high to low water. This
is because cotidal lines 180° around the amphidromes are in opposite phase, for example high
water across from low water at each end of Cook Strait. Each tidal constituent has a different
pattern of amplitudes, phases, and amphidromic points, so the M, patterns cannot be used for
other tide components.
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Example calculation

Tide Height, Bridgeport Cn, LS A,

Feet

| | | | | | 1 | 1
a 5 10 15 20 25 30 35 a0 45 50
Hours since Oh Sunday 1'st September 1931

Fig. 9: Tides at Bridgeport, Connecticut, U.S.A. during a 50 hour period.
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Fig. 10: Tides at Bridgeport, Connecticut, U.S.A. during a 30 day period

WORLD TECHNOLOGIES




Tide Height, Bridgeport Cn, UL.S.A
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Fig. 11: Tides at Bridgeport, Connecticut, U.S.A. during a 400 day period
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Fig. 12: Two spring tides per month vs. one.

Figure 9 shows the common pattern of two tidal peaks a day as the earth rotates under the moon;
because the moon is also moving in its orbit around the earth and in the same sense as the Earth's
rotation, a point on the earth must rotate slightly further to catch up so that the cycle time is not
twelve but 12.4206 hours—a bit over twenty-five minutes extra. The two peaks are not equal: the
twin tidal bulges beneath the Moon and on the opposite side of the Earth align with the Moon.
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Bridgeport is north of the equator, so when the Moon is north of the equator also and shining
upon Bridgeport, Bridgeport is closer to its maximum tide than approximately twelve hours later
when Bridgeport is on the opposite side of the Earth from the Moon and the high tide bulge at
Bridgeport's longitude has its maximum south of the equator. Thus the two high tides a day
alternate in maximum heights: lower high (just under three feet), higher high (just over three
feet), and again. Likewise for the low tides.

Figure 10 shows the spring tide/neap tide cycle in tidal amplitudes as the Moon orbits the Earth
from being in line (Sun—Earth-Moon, or Sun—-Moon—Earth) when the two main influences
combine to give the spring tides, to when the two forces are opposing each other as when the
angle Moon—Earth—Sun is close to ninety degrees, producing the neap tides. As the Moon moves
around its orbit it changes from north of the equator to south of the equator. The alternation in
high tide heights becomes smaller, until they are the same (at the lunar equinox, the Moon is
above the equator), then redevelops but with the other polarity, waxing to a maximum difference
and then waning again.

Figure 11 shows just over a year's worth of tidal height calculations. The Sun also cycles from
north to south of the equator, while the Earth—Sun and Earth—Moon distances change on their
own cycles. None of the various cycle periods are commensurate.

Current

The tides' influence on current flow is much more difficult to analyse, and data is much more
difficult to collect. A tidal height is a simple number which applies to a wide region
simultaneously. A flow has both a magnitude and a direction, both of which can vary
substantially with depth and over short distances due to local bathymetry. Also, although a water
channel's center is the most useful measuring site, mariners object when current-measuring
equipment obstructs waterways. A flow proceeding up a curved channel is the same flow, even
though its direction varies continuously along the channel. Surprisingly, flood and ebb flows are
often not in opposite directions. Flow direction is determined by the upstream channel's shape,
not the downstream channel's shape. Likewise, eddies may form in only one flow direction.

Nevertheless, current analysis is similar to tidal analysis: in the simple case, at a given location
the flood flow is in mostly one direction, and the ebb flow in another direction. Flood velocities
are given positive sign, and ebb velocities negative sign. Analysis proceeds as though these are
tide heights.

In more complex situations, the main ebb and flood flows do not dominate. Instead, the flow
direction and magnitude trace an ellipse over a tidal cycle (on a polar plot) instead of along the
ebb and flood lines. In this case, analysis might proceed along pairs of directions, with the
primary and secondary directions at right angles. An alternative is to treat the tidal flows as
complex numbers, as each value has both a magnitude and a direction.

Tide flow information is most commonly seen on nautical charts, presented as a table of flow
speeds and bearings at hourly intervals, with separate tables for spring and neap tides. The timing
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is relative to high water at some harbour where the tidal behaviour is similar in pattern, though it
may be far away.

As with tide height predictions, tide flow predictions based only on astronomical factors do not
incorporate weather conditions, which can completely change the outcome.

The tidal flow through Cook Strait between the two main islands of New Zealand is particularly
interesting, as the tides on each side of the strait are almost exactly out of phase, so that one
side's high water is simultaneous with the other's low water. Strong currents result, with almost
zero tidal height change in the strait's center. Yet, although the tidal surge normally flows in one
direction for six hours and in the reverse direction for six hours, a particular surge might last
eight or ten hours with the reverse surge enfeebled. In especially boisterous weather conditions,
the reverse surge might be entirely overcome so that the flow continues in the same direction
through three or more surge periods.

A further complication for Cook Strait's flow pattern is that the tide at the north side (e.g. at
Nelson) follows the common bi-weekly spring—neap tide cycle (as found along the west side of
the country), but the south side's tidal pattern has only one cycle per month, as on the east side:
Wellington, and Napier.

Figure 12 shows separately the high water and low water height and time, through November
2007; these are not measured values but instead are calculated from tidal parameters derived
from years-old measurements. Cook Strait's nautical chart offers tidal current information. For
instance the January 1979 edition for 41°13-9’S 174°29-6’E (north west of Cape Terawhiti)
refers timings to Westport while the January 2004 issue refers to Wellington. Near Cape
Terawhiti in the middle of Cook Strait the tidal height variation is almost nil while the tidal
current reaches its maximum, especially near the notorious Karori Rip. Aside from weather
effects, the actual currents through Cook Strait are influenced by the tidal height differences
between the two ends of the strait and as can be seen, only one of the two spring tides at the
north end (Nelson) has a counterpart spring tide at the south end (Wellington), so the resulting
behaviour follows neither reference harbour.

Power generation

Tidal energy can be extracted by two means: inserting a water turbine into a tidal current, or
building ponds that release/admit water through a turbine. In the first case, the energy amount is
entirely determined by the timing and tidal current magnitude. However, the best currents may
be unavailable because the turbines would obstruct ships. In the second, the impoundment dams
are expensive to construct, natural water cycles are completely disrupted, ship navigation is
disrupted. However, with multiple ponds, power can be generated at chosen times. So far, there
are few installed systems for tidal power generation (most famously, La Rance by Saint Malo,
France) which faces many difficulties. Aside from environmental issues, simply withstanding
corrosion and biological fouling pose engineering challenges.

Tidal power proponents point out that, unlike wind power systems, generation levels can be
reliably predicted, save for weather effects. While some generation is possible for most of the
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tidal cycle, in practice turbines lose efficiency at lower operating rates. Since the power available
from a flow is proportional to the cube of the flow speed, the times during which high power
generation is possible are brief.

Navigation
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Fig. 13: Civil and maritime uses of tidal data

Tidal flows are important for navigation, and significant errors in position occur if they are not
accommodated. Tidal heights are also important; for example many rivers and harbours have a
shallow "bar" at the entrance which prevents boats with significant draft from entering at low
tide.

Until the advent of automated navigation, competence in calculating tidal effects was important
to naval officers. The certificate of examination for lieutenants in the Royal Navy once declared
that the prospective officer was able to "shift his tides".

Tidal flow timings and velocities appear in tide charts or a tidal stream atlas. Tide charts come in
sets. Each chart covers a single hour between one high water and another (they ignore the
leftover 24 minutes) and show the average tidal flow for that hour. An arrow on the tidal chart
indicates the direction and the average flow speed (usually in knots) for spring and neap tides. If
a tide chart is not available, most nautical charts have "tidal diamonds" which relate specific
points on the chart to a table giving tidal flow direction and speed.

WORLD TECHNOLOGIES




The standard procedure to counteract tidal effects on navigation is to (1) calculate a "dead
reckoning" position (or DR) from travel distance and direction, (2) mark the chart (with a
vertical cross like a plus sign) and (3) draw a line from the DR in the tide's direction. The
distance the tide moves the boat along this line is computed by the tidal speed, and this gives an
"estimated position" or EP (traditionally marked with a dot in a triangle).

Nautical charts display the water's "charted depth" at specific locations with "soundings" and the
use of bathymetric contour lines to depict the submerged surface's shape. These depths are
relative to a "chart datum", which is typically the water level at the lowest possible astronomical
tide (tides may be lower or higher for meteorological reasons) and are therefore the minimum
possible water depth during the tidal cycle. "Drying heights" may also be shown on the chart,
which are the heights of the exposed seabed at the lowest astronomical tide.

Tide tables list each day's high and low water heights and times. To calculate the actual water
depth, add the charted depth to the published tide height. Depth for other times can be derived
from tidal curves published for major ports. The rule of twelfths can suffice if an accurate curve
is not available. This approximation presumes that the increase in depth in the six hours between
low and high water is: first hour — 1/12, second — 2/12, third — 3/12, fourth — 3/12, fifth —
2/12, sixth — 1/12.
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Biological aspects

Intertidal ecology

Fig. 14: A rock, seen at low water, exhibiting typical intertidal zonation

Intertidal ecology is the study of intertidal ecosystems, where organisms live between the low
and high water lines. At low water, the intertidal is exposed (or ‘emersed’) whereas at high
water, the intertidal is underwater (or ‘immersed’). Intertidal ecologists therefore study the
interactions between intertidal organisms and their environment, as well as among the different
species. The most important interactions may vary according to the type of intertidal community.
The broadest classifications are based on substrates — rocky shore or soft bottom.
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Intertidal organisms experience a highly variable and often hostile environment, and have
adapted to cope with and even exploit these conditions. One easily visible feature is vertical
zonation, in which the community divides into distinct horizontal bands of specific species at
each elevation above low water. A species' ability to cope with desiccation determines its upper
limit, while competition with other species sets its lower limit.

Humans use intertidal regions for food and recreation. Overexploitation can damage intertidals
directly. Other anthropogenic actions such as introducing invasive species and climate change
have large negative effects. Marine Protected Areas are one option communities can apply to
protect these areas and aid scientific research.

Biological rhythms

The approximately fortnightly tidal cycle has large effects on intertidal organisms. Hence their
biological rhythms tend to occur in rough multiples of this period. Many other animals such as
the vertebrates, display similar rhythms. Examples include gestation and egg hatching. In
humans, the menstrual cycle lasts roughly a week, an even multiple of the tidal period. Such
parallels at least hint at the common descent of all animals from a marine ancestor.

Other tides

When oscillating tidal currents in the stratified ocean flow over uneven bottom topography, they
generate internal waves with tidal frequencies. Such waves are called internal tides.

In addition to oceanic tides, large lakes can experience small tides and even planets can
experience atmospheric tides and Earth tides. These are continuum mechanical phenomena. The
first two take place in fluids. The third affects the Earth's thin solid crust surrounding its semi-
liquid interior (with various modifications).

Lake tides

Large lakes such as Superior and Erie can experience tides of 1 to 4 cm, but these can be masked
by meteorologically induced phenomena such as seiche. The tide in Lake Michigan is described
as 0.5 inches to 1.5 inches or 1 and 3/4 inches.

Atmospheric tides

Atmospheric tides are negligible at ground level and aviation altitudes, masked by weather's
much more important effects. Atmospheric tides are both gravitational and thermal in origin and
are the dominant dynamics from about 80—120 kilometres (50—75 mi) above which the molecular
density becomes too low to support fluid behavior.

Earth tides

Earth tides or terrestrial tides affect the entire Earth's mass, which acts similarly to a liquid
gyroscope with a very thin crust. The Earth's crust shifts (in/out, east/west, north/south) in
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response to lunar and solar gravitation, ocean tides, and atmospheric loading. While negligible
for most human activities, terrestrial tides' semidiurnal amplitude can reach about 55 centimetres
(22 in) at the equator—15 centimetres (5.9 in) due to the Sun—which is important in GPS
calibration and VLBI measurements. Precise astronomical angular measurements require
knowledge of the Earth's rotation rate and nutation, both of which are influenced by Earth tides.
The semi-diurnal M, Earth tides are nearly in phase with the Moon with a lag of about two hours.

Some particle physics experiments must adjust for terrestrial tides. For instance, at CERN and
SLAC, the very large particle accelerators account for terrestrial tides. Among the relevant
effects are circumference deformation for circular accelerators and particle beam energy. Since
tidal forces generate currents in conducting fluids in the Earth's interior, they in turn affect the
Earth's magnetic field. Earth tides have also been linked to the triggering of earthquakes-
compare earthquake prediction.

Galactic tides

Galactic tides are the tidal forces exerted by galaxies on stars within them and satellite galaxies
orbiting them. The galactic tide's effects on the Solar System's Oort cloud are believed to cause
90 percent of long-period comets.
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