Claude E. Boyd

| Water
Quality

An Introduction

Third Edition

@ Springer



Water Quality



Claude E. Boyd

Water Quality

An Introduction

Third Edition

@ Springer



Claude E. Boyd

School of Fisheries, Aquaculture and Aquatic Sciences
Auburn University

Auburn, AL, USA

ISBN 978-3-030-23334-1 ISBN 978-3-030-23335-8  (eBook)
https://doi.org/10.1007/978-3-030-23335-8

© Springer Nature Switzerland AG 2000, 2015, 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-23335-8

Water is commonplace; two-thirds of the earth is covered by the ocean, and nearly
4% of the global land mass is inundated permanently with water. Water exists in the
hydrosphere in a continuous cycle—it is evaporated from the surface of the earth but
subsequently condenses in the atmosphere and returns as liquid water. Life in all
forms depends on water, and fortunately the earth is not going to run out of water;
there is as much as there ever was or is ever going to be.

Despite the rosy scenario expressed above, water can be and often is in short
supply, a trend that will intensify as global population increases. This results because
all places on the earth’s land mass are not equally watered. Some places are well
watered, others have little water, and water may be deficient in well-watered
locations during droughts. The quality of water also varies from place to place and
time to time. Most of the earth’s water is too saline for most human uses, and
pollution from anthropogenic sources has degraded the quality of much freshwater
and lessened its usefulness. Evaporation is a water purification process, but salts and
pollutants left behind when water evaporates remain to contaminate the returning
rainwater.

As the human population has grown, the necessity for producing goods and
services necessary or desired by the population has increased, resulting in greater
water use and water pollution. Water quality has increased in importance, because
the quantity of water often cannot be assessed independently of its quality. Water
quality is a critical consideration in domestic, agricultural, and industrial water
supply, fisheries and aquaculture production, aquatic recreation, and the health of
ecosystems. Professionals in many disciplines should understand the factors
controlling concentrations of water quality variables as well as the effects of water
quality on ecosystems and humans. Efficient management of water resources
requires the application of knowledge about water quality.

Water quality is a complex subject, and unfortunately, the teaching of this
important topic is not well organized. In many colleges and universities, water
quality instruction is given mainly in certain engineering curricula. The classes
emphasize specific aspects of water quality management and tend to focus on the
treatment of water for municipal and domestic use and on the methods of improving
effluent quality to lessen pollution loads to natural water bodies. Such classes
typically have prerequisites that prohibit students from other disciplines from
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enrolling in them. Specific aspects of water quality are taught in certain courses in
the curricula of agriculture, forestry, fisheries and aquaculture, biology, chemistry,
physics, geology, environmental science, nutrition, and science education. But, the
coverage of water quality in such courses does not provide an understanding of water
quality as a whole.

When I began teaching water quality in the College of Agriculture at Auburn
University in 1971, available texts on water quality, limnology, and water chemistry
were unsuitable for the class. These books were either too descriptive to be mean-
ingful or too complicated to be understood by most students. Students who need
training in water quality often have a limited background in physics and chemistry.
As a result, the background for each facet of water quality should be provided using
only first year college-level chemistry, physics, and algebra. The book Water
Quality: An Introduction was based on lectures for the class. This book is slanted
toward physical and chemical aspects of water quality, but it includes discussions of
interactions among physical and chemical variables and biological components in
water bodies. Because the chemistry is presented at a basic level, some calculations,
explanations, and solutions to problems are approximate. Nevertheless, simplifica-
tion allows students to grasp salient points with relatively little “weeping, wailing,
and gnashing of the teeth.” Hopefully, this third edition of Water Quality: An
Introduction is an improvement over previous editions.

The preparation of this book would not have been impossible without the
excellent assistance of June Burns in typing the manuscript and proofing the tables,
references, and examples.

Auburn, AL, USA Claude E. Boyd



The universe consists of space, time, and matter behaving in obedience to very
complex physical, chemical, and mathematical rules which are incompletely under-
stood or not understood at all by humans. We know most about the earth, and it is a
very special place, the only body in the universe known to support living things
including what we vainly refer to as intelligent life. One of the main reasons that
earth is favorable for life is the presence of liquid water in abundance. The earth has
abundant liquid water because of its special features (viz., proper temperature and
atmospheric pressure at its surface) and the physical characteristics of water resulting
from hydrogen bonding among its molecules.

Water is essential for life and is a major component of living things. Bacteria and
other microorganisms usually contain about 90-95% water; herbaceous plants are
80-90% water; woody plants are usually 50-70% water. Humans are about
two-thirds water, and most other terrestrial animals contain a similar proportion.
Aquatic animals usually are about three-fourths water. Water is important physio-
logically. It plays an essential role in temperature control of organisms. It is an
internal solvent for gases, minerals, organic nutrients, and metabolic wastes.
Substances move among cells and within the bodies of organisms via fluids
comprised mostly of water. Water is a reactant in biochemical reactions, the turgidity
of cells depends upon water, and water is essential in excretory functions.

Water plays a major role in shaping the earth’s surface through the processes of
dissolution, erosion, and deposition. Large water bodies exert considerable control
over air temperature of surrounding land masses. Coastal areas may have cooler
climates than expected because of cold ocean current offshore and vice versa. The
distribution of vegetation over the earth’s surface is controlled more by the avail-
ability of water than by any other factor. Well-watered areas have abundant vegeta-
tion, while vegetation is scarce in arid regions. Water is important ecologically for it
is the medium in which many organisms live.

Water is essential for the production of nearly all goods and services, but it is
critical for the production of food and fiber through agriculture, processing of
agricultural crops, and domestic purposes, such as food preparation, washing
clothes, and sanitation.

Early human settlements developed in areas with dependable supplies of water
from lakes or streams. Humans gradually learned to tap underground water supplies,
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store and convey water, and irrigate crops. This permitted humans to spread into
previously dry and uninhabitable areas, and even today, population growth in an area
depends upon water availability.

Water bodies afford a convenient means of transportation. Much of the world’s
commerce depends upon maritime shipping that allows relatively inexpensive trans-
port of raw materials and industrial products among continents and countries. Inland
waterways also are important in both international and domestic shipping. For
example, in the United States, huge amounts of cargo are moved along routes such
as the Mississippi and Ohio Rivers and the Tennessee-Tombigbee waterway.

Water bodies are important for recreational activities such as sportfishing, swim-
ming, and boating, and they are of great aesthetic appeal to people who reflect on
nature. Water bodies have become an essential aspect of landscape architecture.
Water has much symbolic significance in nearly all regions and especially in the
Judeo-Christian faiths.

Water Quality

At the same time, that humans were learning to exert a degree of control over the
quantity of water available to them, they found different waters to vary in qualities,
such as warmth, color, taste, odor, etc. They noted how these qualities influenced the
suitability of water for certain purposes. Salty water was not suitable for human and
livestock consumption or irrigation. Clear water was superior over turbid water for
domestic use. Some waters caused illness or even death when consumed by humans
or livestock. The concepts of water quantity and water quality were developed
simultaneously, but throughout most of human history, there were few ways for
evaluating water quality beyond sensory perception and observations of its effects
on living things and water uses.

Any physical, chemical, or biological property of water that effects natural
ecological systems or influences water use by humans is a water quality variable.
There are literally hundreds of water quality variables, but for a particular water use,
only a few variables usually are of interest. Water quality standards have been
developed to serve as guidelines for selecting water supplies for various uses and
for protecting water bodies from pollution. The quality of drinking water is a health
consideration. Drinking water must not have excessive concentrations of minerals, it
must be free of toxins, and it must not contain disease organisms. People prefer their
drinking water to be clear and without bad odor or taste. Water quality standards also
are established for bathing and recreational waters and for waters in which shellfish
are cultured or captured. Diseases can be spread through contact with water
contaminated with pathogens. Oysters and some other shellfish can accumulate
pathogens or toxic compounds from water, making these organisms dangerous for
human consumption. Water for livestock does not have to be of human drinking
water quality, but it must not cause sickness or death in animals. Excessive
concentrations of minerals in irrigation water have adverse osmotic effects on plants,
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and irrigation water also must be free of phytotoxic substances. Water for industry
also must be of adequate quality for the purposes for which it is used. Extremely
high-quality water may be needed for some processes, and even boiler feed water
must not contain excessive suspended solids or a high concentration of carbonate
hardness. Solids can settle in plumbing systems, and calcium carbonate can precipi-
tate to form scale. Acidic waters and saline waters can cause severe corrosion of
metal objects with which they come in contact.

Water quality effects the survival and growth of plants and animals in aquatic
ecosystems. Water often deteriorates in quality as a result of human use, and much of
the water used for domestic, industrial, or agricultural purposes is discharged into
natural water bodies. In most countries, attempts are made to maintain the quality of
natural waters within limits suitable for fish and other aquatic life. Water quality
standards may be recommended for natural bodies of water, and effluents must be
shown to comply with specific water quality standards to prevent pollution and
adverse effects on the flora and fauna.

Aquaculture, the farming of aquatic plants and animals, now supplies nearly half
of the world’s fisheries production for human consumption, because capture fisheries
have been exploited to their sustainable limit. Water quality is a particularly critical
issue in cultivation of aquatic organisms.

Factors Controlling Water Quality

Pure water is rarely found in nature. Rainwater contains dissolved gases and traces of
mineral and organic substances originating from dust, combustion products, and
other substances in the atmosphere. When raindrops fall on the land, their impact
dislodges soil particles, and flowing water erodes and suspends soil particles. Water
also dissolves minerals and organic matter from the soil and underlying formations.
There is a continuous exchange of gases between water and air, and when water
stands in contact with sediment in the bottoms of water bodies, there is an exchange
of substances until equilibrium is reached. Biological activity in the aquatic environ-
ment has a tremendous effect upon pH and concentrations of dissolved gases,
nutrients, and organic matter. Natural bodies of water tend toward an equilibrium
state with regard to water quality that depends upon climatic, hydrologic, geologic,
and biologic factors.

Human activities strongly influence water quality, and they can upset the natural
status quo. The most common human influence for many years was the introduction
of disease organisms via disposal of human wastes into water supplies. Water-borne
diseases were until the past century a leading cause of sickness and death throughout
the world. The problems of water-borne diseases have been reduced through the
application of better waste management and public health practices in most
countries. Water-borne diseases are still an issue, but the growing population and
increasing agricultural and industrial effort necessary to support mankind are
discharging contaminants into surface waters and groundwaters at an increasing
and alarming rate. Contaminants include suspended soil particles from erosion that
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cause turbidity and sedimentation in water bodies and inputs of plant nutrients, toxic
metals, pesticides, industrial chemicals, and heated water from cooling of industrial
processes. Water bodies have a natural capacity to assimilate contaminants, and this
capacity is one of the services provided by aquatic ecosystems. However, if the input
of contaminants exceeds the assimilative capacity of a water body, there will be
ecological damage and loss of ecological services.

Purpose of Book

Water quality is a key issue in water supply, wastewater treatment, industry,
agriculture, aquaculture, aquatic ecology, human and animal health, and many
other areas. The practitioners of many different occupations need information on
water quality. The principles of water quality are presented in specialized classes
dealing with environmental sciences and engineering, but many students in other
fields who need to be taught the principles of water quality do not receive this
training. The purpose of this book is to present the basic aspects of water quality with
emphasis on physical, chemical, and biological factors controlling the quality of
surface freshwaters. There also will be brief discussions of groundwater and marine
water quality as well as water pollution, water treatment, and water quality standards.
The influence of water quality on the aesthetic and recreational value of water bodies
will also be discussed.

It is impossible to provide a meaningful discussion of water quality without
considerable use of chemistry and physics. Many water quality books are available
in which the level of chemistry and physics is far above the ability of the average
readers to understand. In this book, I have attempted to use only first-year, college-
level chemistry and physics in a very basic way. Most of the discussion hopefully
will be understandable even to the readers with only rudimentary formal training in
chemistry and physics.
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Abstract

The water molecule is electrostatically charged with a negative site on one side
and two positive sites on the other. Attractions between oppositely-charged sites
on adjacent water molecules are stronger than typical van der Waals attractions
among molecules and are called hydrogen bonds. The molecules in solid (ice) and
in liquid water exhibit stronger mutual attractions than do the molecules of other
substances of similar molecular weight. This results in water having maximum
density at 3.98 °C, high specific heat, elevated freezing and boiling points, high
latent heats for phase changes, remarkable cohesive and adhesive tendencies
resulting in strong surface tension and capillary action, and a high dielectric
constant. Light also penetrates readily into water and is strongly absorbed. The
pressure of water at a given depth is a combination of atmospheric pressure and
the weight of the water column above that depth (hydrostatic pressure). Water
refracts light making underwater objects appear to be at lesser depth. The physical
properties of water are of intrinsic interest, but they also are critical factors in
geology, hydrology, ecology, physiology and nutrition, water use, engineering,
and water quality measurement.

Introduction

Pure liquid water is colorless, tasteless, and odorless and consists solely of H,O
molecules. The International Union of Pure and Applied Chemistry JUPAC) name
for water is oxidane. It also is sometimes called dihydrogen oxide or dihydrogen
monoxide. The water molecule is small with a molecular weight of 18.015 g/mol, but
water molecules are not as simple as their low molecular weight suggests. A water
molecule is negatively charged on one end and positively charged on the other. The
separation of charges results in water molecules having properties very different
from those of other compounds of similar molecular weight. These differences
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include elevated freezing and boiling points, large latent heat requirements for
changes between solid and liquid phases and between liquid and vapor phases,
temperature dependent density, a large capacity to hold heat, and excellent solvent
action. These unique physical properties of water allow it to abound on the earth’s
surface and influence many of its uses.

Water is a remarkable substance that has much to do with the uniqueness of the
earth. Without it there would be no life on this planet. As the twentieth century
American philosopher Loren Eiseley put it, “there is magic on this planet, it is
contained in water.”

Structure of Water Molecule

Water is formed by the unions of two hydrogen atoms with one oxygen atom. Laws
of thermodynamics dictate that substances spontaneously change towards their most
stable states possible under existing conditions. A stable atom has two electrons in its
innermost electron shell and at least eight electrons in its outermost electron shell.
Atoms of nonmetals such as oxygen and hydrogen can come together to share
electrons with other atoms to fill their outermost electron shell in a process called
covalent bonding. The water molecule is the result of two hydrogen atoms each
sharing one electron with oxygen and forming two covalent bonds (Fig. 1.1). This
arrangement allows the oxygen atom to obtain two electrons to fill its outermost
electron shell, while each hydrogen atom gains one electron to fill its outer and only
electron shell.

Atoms and molecules often are said to be electrically neutral to distinguish them
from ions that are charged, but in reality, molecules seldom are completely neutral.
Electrons of a molecule are constantly in motion and they may concentrate in one or
more particular areas of a molecule. When this happens, the negative charge
imparted by electrons is not completely balanced by the positive charges of nearby
nuclei of the molecule’s atoms. This results in oppositely-charged sites or poles, and
molecules with such sites are said to be dipolar. Covalent bonds in molecules also
may create dipoles. In a polar covalent bond, the electrons are unequally distributed
between the atoms participating in the covalent bond resulting in a slight negative
charge for the more electronegative atom and a slight positive charge on the less
electronegative atom. This separation of charge causes a permanent dipole moment
in which the atom on one side of the bond has a positive charge and vice versa.
Charges on molecules are electrostatic charges, i.e., they are at rest creating an
electric field rather than current flow.

Completely non-polar covalent bonds occur when two atoms of the same kind
bond together (H,, N,, O,, etc.), but bonds in other compounds in which the
difference in electronegativity of atoms is not great also are considered non-polar.
Charges associated with polar covalent bonds also may be cancelled by each other in
symmetrical molecules. The carbon dioxide molecule is symmetrical and it does not
have a molecular dipole in spite of its two polar O-C bonds.
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The electrostatic charges created on molecules by differences in electron density
are weaker than ionic charges in which each electron lost or gained by an atom
becoming an ion is assigned a unit charge, i.e., the charge on the monovalent sodium
jon (Na*) is +1 and the divalent sulfate ion (SO,>") has a charge of —2. To
distinguish small electrostatic charges associated with unequal electron density in
molecules from ionic charges, they often are written as 5+ or 6— instead of +1 or —1
(or greater) unit charges.

The water molecule is not symmetrical because the two hydrogen atoms are on
the same side of the oxygen atom (Fig. 1.1). The angle formed by imaginary lines
through the centers of the hydrogen nuclei and the oxygen nucleus is 105°. The
distance between the nuclei of the hydrogen and oxygen atoms in water is 0.096
nanometer (nm). The water molecule is very small—approximately 0.25 nm
(0.25 x 107° m) in molecular diameter (Schatzberg 1967). The water molecule is
not spherical, but somewhat V-shaped. Examples of common ways of depicting
water molecules are shown in Fig. 1.2. The V-shape of the apex may be drawn to
point in various directions.

Repulsions and attractions among molecules caused by differences in electron
density were originally described by the Dutch physicist Johannes van der Waals and
are called van der Waals interactions. These attractions and repulsions are relatively
weak and often essentially cancel each other. Nevertheless, many of the unique
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Fig. 1.1 The water molecule
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Fig. 1.2 Selected depictions of water molecules

properties of the water molecule results from the dipole formed by the two O-H
covalent bonds. The oxygen nucleus has a greater positive charge than the hydrogen
nucleus because it is heavier. Electrons are pulled relatively nearer to the oxygen
nucleus than to the hydrogen nuclei. This imparts a small negative charge on the
oxygen atom and a small positive charge on each of the hydrogen atoms. These
electrostatic charges are permanent and considerably stronger than typical van der
Waals attractions. Water molecules are permanent dipoles.

The dipolar nature of water leads to an attraction between oppositely-charged
sites on different water molecules. These attractions are called hydrogen bonds, and
they are stronger than typical van der Waals attractions but weaker than covalent or
ionic bonds. Hydrogen bonding is illustrated (Fig. 1.3) in two dimensions instead of
its truly three-dimensional nature. A water molecule can form hydrogen bonds with
up to four other water molecules. The oxygen side of one water molecule can
connect with one hydrogen in each of two other water molecules, and each hydrogen
area can connect with the oxygen area of other molecules. Most molecules in liquid
water participate in hydrogen bonding. Hydrogen bonding extends to all molecules
in ice resulting in its regular crystalline structure. Water vapor molecules have too
much energy to allow hydrogen bonds to form and vapor molecules are completely
separated from each other.
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Fig. 1.3 Hydrogen bonds _,/
between water molecules
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Water molecules also may form electrostatic attractions with charged sites on ions
or other molecules of other substances. This phenomenon allows water to wet some
surfaces and to be repelled by other surfaces.

Thermal Characteristics and Phases

In the International System of units (SI system), the joule (J) is the basic unit for
energy; one joule is the amount of energy transferred when 1 Newton (N) acts on an
object over 1 m. Some readers may be more familiar with energy being expressed by
the calorie (1 cal = 4.184 J). The specific heat is the amount of energy that must be
applied or removed to change the temperature of 1 g of a substance by 1 °C. The
calorie definition is based on the specific heat of liquid water (1 cal will raise the
temperature of 1 g of liquid water by 1 °C), and liquid water is the standard for
comparing specific heats of substances. The specific heats of the three phases of
water are: ice at 0 °C, 2.03 J/g/°C (0.485 cal/g/°C); water at 25 °C, 4.184 J/g/°C
(1 cal/g/°C); vapor at 100 °C, 2.01 J/g/°C (0.48 cal/g/°C).

The specific heats of the three phases of water determine how much energy must
be added or removed to change the temperature of each phase by a given amount.
The ice-liquid phase change (freezing point) occurs at O °C at standard atmospheric
pressure, and the liquid-vapor phase change (boiling point) occurs at 100 °C at
standard atmospheric pressure. At the phase changes, the frequency of hydrogen
bonds among molecules changes abruptly when the crystalline lattice of ice forms or
collapses or when hydrogen bonds are broken to produce vapor or enough hydrogen
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bonds are formed to result in condensate of vapor to liquid water. The
re-arrangement of hydrogen bonds at phase changes requires a large input or
removal of energy that does not cause a temperature change. The amounts of energy
change necessary to cause phase changes are called the latent heat (or enthalpy) of
fusion for freezing and the latent heat (or enthalpy) of vaporization for boiling.
Enthalpy is a term referring to the internal energy of a substance. For water, the heat
of fusion is 334 J/g (80 cal/g) and the heat of vaporization is 2260 J/g (540 cal/g).

Conversion of 1 gice at —10 °C to water vapor at 100 °C requires an energy input
of 20.1 J (2.010 J/g/°C x 1 g x 10 °C) to raise the temperature to 0 °C, and 334 J
more are required to convert 1 g of ice at 0 °C to liquid water at 0 °C. Raising the
temperature of 1 g liquid water to its boiling pointy requires 418.4 J (4.184 J/g/°
C x 1 g) of energy, and to boil it requires an additional 2260 J/g. Reversing the
process described above would require removal of the same amount of energy.

Ice also can change from a solid to a vapor without passing through the liquid
phase. This is the reason wet clothes suspended on a line outdoors in freezing
weather may become dry. The process is called sublimation, and the latent heat of
sublimation is 3012 J/g (720 cal/g). Water vapor also can change from vapor to ice
without going through the liquid phase. This process is known as deposition for
which the latent heat also is 3012 J/g.

Pure water is a liquid between 0 °C and 100 °C at standard (sea-level) atmo-
spheric pressure. Other common hydrogen compounds such as methane, ammonia,
and hydrogen sulfide are gases at ordinary temperatures on the earth’s surface
(Table 1.1). The specific heats and latent heats of fusion and vaporization also are
greater for water than for the other three common hydrogen compounds (Table 1.1).
The reason water differs in thermal properties from other substances of similar
molecular weight results from its ability to form hydrogen bonds among its
molecules. The high latent heat values for water reflect the resistance to forming
and to breaking of hydrogen bonds. In the case of freezing, molecular motion must
decline to the point that the crystalline lattice of ice can form, but when ice melts,
enough energy must be applied to break enough hydrogen bonds to collapse to
lattice of ice. The same logic applies for vaporization. Energy is necessary to free the
vapor molecules from hydrogen bonding.

Table 1.1 Thermal properties of water compared with those of other hydrogen compounds of
similar molecular weight

Water Methane Ammonia
Property (H,0) (CHy) (NHs3) Hydrogen sulfide (H,S)
Molecular weight 18.02 16.04 17.03 34.08
Specific heat (J/g/°C) 4.184 2.23 2.20 0.24
Freezing point (°C) 0 —182.5 =71.7 —85.5
Latent heat of fusion (J/g) 334 59 332 68
Boiling point (°C) 100 —162 —333 —60.7

Latent heat of vaporization 2260 481 1371 548
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The large specific heat and latent heat requirements necessary to cause phase
changes in water bodies has considerable climatic, environmental, and physiological
significance. Large water bodies store heat and affect the surrounding climate. Heat
loss caused by evaporation of perspiration from our skin is critical to bodily
temperature control. As air masses rise the cooling rate decreases when the tempera-
ture falls low enough to allow water vapor to condense.

Vapor Pressure

Vapor pressure refers to the pressure exerted on the surface of a substance in
equilibrium with its own vapor. Inside a sealed chamber initially filled with dry
air, water molecules from a bowl of water will enter the air until equilibrium is
reached. At equilibrium, the same number of water molecules enters the air from the
water as enters the water from the air, and there is no net movement of water
molecules between air and water. The pressure of water vapor acting down on the
water surface in the bowl is the vapor pressure of water. Vapor pressure increases as
temperature rises (Table 1.2). Bubbles that initially form in water as the temperature
rises consist of atmospheric gases, because the solubility of air in water decreases
with rising temperature. When the vapor pressure of pure water reaches atmospheric
pressure at 100 °C, bubbles of water vapor form in the water and rise to break the
water surface causing the phenomenon of boiling. Atmospheric pressure varies with
altitude and weather conditions, and the boiling point of water usually is not exactly
100 °C. Water will boil at room temperature if the pressure is low enough.

An oddity called the triple point occurs when the liquid phase of a substance is
simultaneously in equilibrium with its solid and vapor phases. At the triple point, the
liquid boils at low pressure, and the heat lost in escaping molecules cools the liquid
to allow freezing to occur. The triple point of pure water is at 0.1 °C and 611.2 Pa
pressure, and can be achieved only under laboratory conditions. Although mainly an
oddity, the triple point of water is sometimes used in calibrating thermometers.

Tfable 1.? V.aﬁ).or pressufre °C mm Hg °oC mm He °C mm Hg

of waterin miiimeters of 4579 35 2.175 70 2337

mercury (mm Hg) at

different temperatures (°C) 5 6.543 40 55.324 75 289.1
10 9.209 45 71.88 80 355.1
15 12.788 50 92.51 85 433.6
20 17.535 55 118.04 90 525.8
25 23.756 60 149.38 95 633.9

30 31.824 65 187.54 100 760.0
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Density

Molecules of ice are arranged in a regular lattice through hydrogen bonding. The
regular spacing of molecules in ice creates voids absent in liquid water where
molecules are closer together. Ice is less dense than liquid water (0.917 g/cm3 Versus
1 g/em?) allowing it to float.

The density of liquid water increases as temperature rises reaching maximum
density of 1.000 g/cm® at 3.98 °C. Further warming causes the density of water to
decrease (Table 1.3). Two processes influence density as water warms above 0 °C.
Remnants of the crystalline lattice of ice break up to increase density, while bonds
stretch to decrease density. From 0 to 3.98 °C, destruction of remnants of the lattice
has the greatest influence on density, but further warming causes density to decrease
through stretching of bonds caused by the greater internal energy in molecules of
warmer water. The change in density resulting from temperature effects the weight
of a unit volume of water. One cubic meter of pure water at 10 °C weighs 999.70 kg;
the same volume weighs 995.65 kg at 30 °C. The effect of temperature on density of
water allows water bodies to undergo thermal stratification and destratification as
will be explained in Chap. 3.

Densities of substances often are reported as the unitless quantity specific gravity.
The basis for specific gravity is the density of water. At 25 °C, water has a density of
0.99705 g/cm3 or a specific gravity of 0.99705 (Table 1.3). Another substance with a
density of 1.5500 g/cm® at 25 °C has a specific gravity of (1.5500 g/em® +
0.99705 g/cm?) or 1.5546.

When an object is placed in water, it either sinks, dissolves, suspends, or floats.
Which event occurs depends on several factors, but the specific gravity (density of a
substance relative to the density of water) is the most important one. Particles denser
than water sink—unless they are so small as to be in true or colloidal solution.
Objects with specific gravity less than that of water float. Submerged portions of

Table 1.3 2Dens?ty of pure o gfem’ °oC gfem’ oC gfem’

Zf;;reffﬁeg i;fvlszfgtan 4 0 099984 |14 099925 |28 | 0.99624

10°C I 099990 |15 099910 |29 | 0.99595
2 099994 |16 099895 |30 | 0.99565
3 099997 |17 099878 |31 0.99534
4 099998 |18 099860 |32 | 0.99503
5 099997 |19 099841 |33 | 099471
6 099994 |20 099821 |34 099437
7 099990 |21 099800 |35 | 0.99403
8 099985 |22 099777 |36 | 0.99309
9 999978 |23 099754 |37 099333
10 099970 |24 099730 |38  |0.99297
T 099961 |25 099705 |39 | 0.99260
12 099950 |26 099678 40 | 099222

—
(98]

0.99938 27 0.99652
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Table 1}4 ;Fhef(iiejrflfsity of Salinity (g/L)

wa.te.r.(g cm”) of different °C 0 10 20 30 40
salinities at selected

temperatures between 0 and 0 0.99984 1.0080 1.0160 1.0241 1.0321
40 °C 5 0.99997 1.0079 1.0158 1.0237 1.0316

10 0.99970 1.0075 1.0153 1.0231 1.0309
15 0.99910 1.0068 1.0144 1.0221 1.0298
20 0.99821 1.0058 1.0134 1.0210 1.0286
25 0.99705 1.0046 1.0121 1.0196 1.0271
30 0.99565 1.0031 1.0105 1.0180 1.0255
35 0.99403 1.0014 1.0088 1.0162 1.0237
40 0.99222 0.9996 1.0069 1.0143 1.0217

floating objects and dissolved or suspended particles displace a volume of water
equal to their own volumes. For example, a 10-cm? marble placed in a glass of water
sinks displacing 10-cm® of water to cause the water level in the glass to increase
slightly. However, the volume of water displaced is unrelated to the density of the
submerged object—two, 10-cm® marbles of different densities would displace equal
amounts of water.

Mineral matter dissolved in natural water causes salinity. These dissolved minerals
are denser than water, and 1 g of dissolved mineral matter will displace less than
1 cm?® of water causing greater density. The relationship between salinity and density
(Table 1.4) reveals that water at 20 °C with 30 g/L salinity has a density of 1.0210 g/
cm® as compared to 0.99821 g/cm? for freshwater at the same temperature—this is a
weight difference of 22.79 kg/m’. Differences in density related to salinity commonly
cause density stratification in estuaries where rivers run into the sea.

Surface Phenomena

The rise of water in small-bore tubes or soil pores is called capillary action. To
explain capillary action, one must consider cohesion, adhesion, and surface tension.
Cohesive forces are attractions between like molecules. Water molecules are cohe-
sive because they form hydrogen bonds with each other. Adhesive forces are
attractions between unlike molecules. Water adheres to a solid surface with charged
sites that attract opposite charges of water molecules. Adhesive forces between water
and the solid surface are greater than cohesive forces among water molecules. Such a
surface is said to be hydrophilic (water loving) because it wets easily. Conversely,
water will bead on a hydrophobic (water hating) surface and run off, because
cohesion among water molecules is stronger than adhesion of water molecules to
the surface. For example, dry, unpainted wood wets readily, but a coat of paint
causes wood to shed water.

The meniscus seen at the water surface in a transparent, glass tube results from
cohesion or adhesion. The meniscus in a titration buret usually is concave (Fig. 1.4)
because water molecules in the titration solution are attracted more strongly to the
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Fig. 1.4 The meniscus — —
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walls of the buret than to themselves. They climb up the wall of the buret causing the
concave meniscus. Some fluids have stronger attractions among their molecules than
with the walls of a glass tube. This causes molecules to pull away from the tube at the
surface and pile up in the center causing a convex meniscus (Fig. 1.4). Such may be
seen in a tube filled with mercury.

The net cohesive force on molecules within a mass of water below its surface is
zero, but cohesive forces cannot act above the surface. Molecules in the surface layer
of water are subjected to an inward cohesive force from molecules below. The tightly
drawn surface molecules act as a skin and cause a phenomenon known as surface
tension which can be thought of as the ability of the surface to resist an external force
acting down upon it. Surface tension is strong enough to permit certain insects and
spiders to walk over the surface of water, and to allow needles and razor blades to
float when gently laid on the surface. The inward pull of water molecules also acts to
make the water surface as small as possible. This is why a small amount of water on a
leaf or other hydrophilic surface forms a bead—a sphere has the smallest surface area
possible.

The ST unit for surface tension is the Newton/m or mN/m, and 1 mN/m = 1 dyne/
cm. The surface tension of pure water (mN/m) decreases with increasing tempera-
ture: 0 °C, 75.6; 10 °C, 74.2; 20 °C, 72.8; 30 °C, 71.2; 40 °C, 69.6 mN/m). Salinity
has a small effect on surface tension. According to an equation developed by
Schmidt and Schneider (2011), seawater at 20 °C and 35 g/l salinity has a surface
tension of 73.81 mN/m. By comparison, surface tensions of some other common
liquids at 20 °C are: vinegar (acetic acid), 28.0; gasoline, 22.0; acetone, 25.2; SAE
30 motor oil, 36.0. The relatively high surface tension of water results from its ability
to form hydrogen bonds among its molecules.

Surfactants are substances that when mixed with water lower its surface tension.
Surfactants are relatively large molecules with both hydrophilic and hydrophobic
sites. The hydrophobic sites avoid contact with water by turning on the surface
towards the air. This lowers the surface tension of water, and it improves the wetting
ability of water. Soaps have surfactant action—soapy water has a surface tension of
about 25 mN/m as compared to 72.8 mN/m in ordinary water at 20 °C. Some
commercial surfactants reduce surface tension even more than does common soap.

Water will rise in most small-diameter glass tubes when such tubes are inserted
vertically into a beaker of water (Fig. 1.5). This phenomenon, called capillary action,
is the combined effects of surface tension, adhesion, and cohesion. Water adheres to
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Fig. 1.5 Illustration of TUBES OF THREE DIAMETERS
capillary action .- .
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the walls of the tube and spreads upward as much as possible. Water moving up the
wall is attached to the surface film, and molecules in the surface film are joined by
cohesion to molecules below. As adhesion drags the surface film upward, it pulls a
column of water up the tube against the force of gravity. The column of water is
under tension because water pressure is less than atmospheric pressure. The height of
capillary rise is inversely proportional to tube diameter.

Capillary action occurs in soils and other porous media. Soil particles do not fit
together perfectly and the resulting pore space is interconnected. The pore space in
soil or other porous media can function in the same manner as a thin glass tube. A
good example is the rise in groundwater above the water table to cause what is
known as the capillary fringe. In fine-grained soils, the capillary fringe may rise a
meter or more above the top of the water table.

Viscosity

Most think of viscosity as the ease with which a fluid flows, e.g., water flows easier
than table syrup because it is less viscous. All fluids have an internal resistance to
flow, and viscosity (1) represents the capacity of a fluid to convert kinetic energy to
heat energy and is the ratio of the shearing stress (force/area or F/A) to the velocity
gradient in the fluid. Viscosity results from cohesion between fluid particles, inter-
change of particles between flow layers of different velocities, and friction between
the fluid and the walls of the conduit. In laminar flow, water moves in layers with
little exchange of molecules among layers. During laminar flow in a pipe, the water
molecules in the layer in contact with the pipe often adhere to the wall and do not
flow. There is friction between the pipe wall and those molecules that do flow. The
influence of the pipe wall on the flow of molecules declines with greater distance
from the wall. Nevertheless, there is still friction between the layers of the flowing
water. When flow becomes turbulent, the molecules no longer flow in layers and the
principles governing flow becomes more complex.
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Table 1.5 Density (p) and

i h Temp. Density Dynamic viscosity
dynamic viscosity (i) of ©0) (kg/m3) (x 1073 N-sec/m?)
water 0 999.8 1.787

5 999.9 1.519
10 999.7 1.307
15 999.1 1.139
20 998.2 1.022
25 997.0 0.890
30 995.7 0.798
35 994.0 0.719
40 992.2 0.653

The term viscosity commonly refers to dynamic viscosity. The units for
expressing dynamic viscosity can be confusing. The SI unit is the poise (P) and
1 P = 0.1 (N-sec)/m?, but in many instances, the centipoise (cP) which equals 0.001
(N ~sec)/m2 is used. The viscosity of some common substances at 20 °C are: water,
1.00 cP; milk, 3 cP; vegetable oil, 43.2 cP; SAE 30 motor oil, 352 cP; honey,
1500 cP. Temperature has a great effect on viscosity as illustrated for water
(Table 1.5). Water flow in conduits, seepage through porous media, and capillary
rise in soil are favored by warmth, because viscous shear losses decrease as viscosity
decreases. Viscosity also increases with density—seawater with a viscosity of
1.08 cP at 20 °C is slightly more viscous than freshwater at the same temperature.

Viscosity can also be expressed as kinematic viscosity (v) which is the ratio of the
dynamic viscosity to the density of the fluid. The kinematic viscosity usually is given
in m*/sec. Water at 20 °C has a dynamic viscosity of 1.02 cP and a kinematic
viscosity of 1.00 x 107° m*sec. In many engineering applications, kinematic
viscosity is used rather than dynamic viscosity.

Elasticity and Compressibility

Water, like other fluids, has little or no elasticity of form and conforms to the shape
of its container. Unless completely confined, a water has a free surface that is always
horizontal except at its edges. If a container of water is tilted, the water immediately
forms a new horizontal surface. In other words, the old adage “water seeks its own
level” is actually true for water itself. Water can travel downslope in response to very
small differences in elevation because it is a liquid.

The ideal liquid is incompressible, and water often is said to be incompressible.
The preceding statement is not actually correct—water is slightly compressible. Its
coefficient of compressibility at 20 °C is 4.59 x 10~ ' Pa~'. At 4000 m depth in the
ocean, water would be compressed by about 1.8% as compared to water at the
surface. Of course, if a fluid is compressed, its density increases because a unit
weight will represent less volume.
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Water Pressure

The pressure of water at any particular depth is equal to the weight of the water
column above that depth (Fig. 1.6). A water column of height h acting down on a
small area AA has a volume of hAA. The weight of water or force (F) is

F =yhAA (1.1)
where y = weight of water per unit volume.

Pressure (P) is a force acting over a unit area

P= (1.2)

The pressure of water acting on the area AA (Fig. 1.5) is

_rhAA
=20

P vh. (1.3)

This pressure is for the water only, i.e., the hydrostatic pressure, and can be
calculated as shown in Ex. 1.1. To obtain absolute pressure, atmospheric pressure
must be added to hydrostatic pressure (Fig. 1.7). These forces are always normal to
the water surface.

Because hydrostatic pressure at a point depends mainly upon depth of water
above the point, pressure often is given as water depth. The actual pressure could
vary slightly among different waters of the same depth because the density of water
varies with temperature and salinity.

Fig. 1.6 Pressure of water on
a surface (AA) beneath water
of depth (h)
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Fig. 1.7 Total pressure at a
point below a water surface \\
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Ex. 1.1 The hydrostatic pressure of 1-m depth of water at 20 °C will be expressed in
millimeters of mercury which is a common unit for atmospheric pressure used in
water quality. Note: the pascal (Pa) is the SI unit for pressure (I mm
Hg = 133.32 Pa).

Solution:

The density of water at 20 °C is 0.99821 g/em’ and the density of mercury is
13.594 g/em’. Thus, a 1 m column of water may be converted to an equivalent depth
of mercury as follows:

Depth X —= g

0.99821 g/cm?

13.594 g /cm? x 1 m = 0.0734 m or 73.4 mm.
594 g/cm

Thus, freshwater at 20 °C has a hydrostatic pressure of 73.4 mm Hg/m.
When barometric pressure is 760 mm Hg, a point at 1 m depth in a water body
has a total pressure of 760 mm Hg + 73.4 mm Hg = 833.4 mm Hg.

Pressure also can result from elevation of water above a reference plane, water
velocity, or pressure applied by a pump. In hydrology and engineering applications,
the term head expresses the energy of water at one point relative to another point or
reference plane. Head often is expressed as depth of water. In water quality, the
depth of water usually is the cause of pressure above atmospheric pressure.

Dielectric Constant

The dielectric property of a material is its ability to lessen current flow in an electric
field. An electric field can be established by placing charged plates (a positively-
charged anode and a negatively-charged anode) in a medium. The field can be
thought of as extending from the positive plate towards the negative plate. In
situations where the medium is dipolar, the positively-charged pole of molecules
will tend to be displaced slightly towards the cathode while the negatively-charged
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Fig. 1.8 Orientation of water
molecules in an electric field
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pole of molecules will be slightly displaced towards the anode (Fig. 1.8). This slight
separation of charge (polarization) reduces the strength of the electric field.

The capacity of a substance to lessen an electric field is assessed from its dielectric
constant (¢). The standard for the dielectric constant is a vacuum within which no
polarization occurs; a vacuum is assigned a dielectric constant of unity (1.0000). The
method of measuring the dielectric constant is beyond the scope of this book, but
dielectric constants of some materials are: vacuum, 1.00; air, 1.0005; cotton, 1.3;
polyethylene, 2.26; paper, 3.4; glass, 4-7; soil, 10-20; water, 80.2. Water has a very
high dielectric constant, because its molecules have a strong dipolar moment which
lessens an electric field imposed within its volume.

Water is a good solvent for compounds held together by ionic forces, e.g., sodium
chloride (Na* + C1I- — NaCl). The strength of the electrostatic force holding NaCl
and other compounds with ionic bonds together is described by Coulomb’s law:

(£)(Q(Q2)

F &

(1.4)
where F is the electrostatic attraction between two ions, Q, and Q, are the charges on
the ions, € = dielectric constant of the medium, and d = distance between the
charges. As € increases, electrostatic attraction decreases. Water has a large dielectric
constant and insulates ions of opposite charge, lessening the electrostatic attraction
between them. For example, the Na* and Cl~ in NaCl are strongly bonded in air
(e = 1.0005), but in water (¢ = 80.2), the electrostatic attraction between them is less
and NaCl dissolves readily. The same reasoning applies to other ionic substances,
but all are not as soluble as NaCl. Ions that dissolve in water attract the oppositely-
charged dipole of water and become surrounded by water further insulating them
from ions of the opposite charge (Fig. 1.9). This process is called ion hydration.
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Fig. 1.9 Hydration of dissolved ions by water molecules

Conductivity

Conductivity is the ability of a substance to convey an electrical current, and
electricity is conducted on unbound (free) electrons that move about in a substance.
Metals such as copper have lots of free electrons and are excellent conductors. Pure
water contains only small concentrations of hydrogen and hydroxyl ions resulting
from its weak dissociation; it is a poor conductor. Natural waters, however, contain
greater concentrations of dissolved ions than pure water and are therefore better
conductors. Electrical conductivity of water increases roughly in proportion to
dissolved ion concentration, and the conductivity is an important water quality
variable to be discussed in Chap. 5.

Transparency

Pure water held in a clear drinking glass in sunlight appears colorless, but larger
amounts of clear water tend to have a blue hue caused by the selective absorption and
scattering of light. Water tends to absorb visible light at the red end of the visible
spectrum more than at the blue end. In natural water, dissolved and suspended
substances may affect color and transparency.

Because of the high transparency of water, much of the light that strikes a water
surface is absorbed. The fraction of sunlight reflected by a surface is known as the
albedo—from albus (white) in Latin. The albedo is expressed as the percentage of
incoming light incident to a surface that is reflected. A completely reflective surface
has an albedo of 100%; a completely absorptive surface has an albedo of 0%.

The albedo of water varies from around 1% to 100%. It is least when the surface
of a very clear water body is still and the rays of sunlight are vertical, and it is
greatest when the sun is below the horizon. A mirror reflects light at the same angle
as the incident light as shown in Fig. 1.10. This is known as specular reflection, and
in nature, the angle of incidence of the sun’s rays will vary with time of day and with
the progression of the seasons. Seldom will the angle of incidence be exactly
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Fig. 1.10 Illustration of specular reflection from a still water surface (upper) and diffuse reflection
from a water surface with waves (lower)

perpendicular with the water surface. However, water surfaces seldom are
completely smooth—there usually are ripples or waves. This results in the angle
of incidence varying and the angle of the reflected light also varying (Fig. 1.10). This
type of reflection results in light being reflected at many different angles and is
known as diffuse reflection.

In spite of the various factors affecting reflectivity, when the angle of incidence is
60° or less, e.g., the sun’s rays at 30° or more above the horizon, the albedo of water
usually is less than 10%. When the angle of incidence is 0%—the sun’s rays are
vertical—the albedo of clear water usually would be around 1 to 3%. According to
Cogley (1979), depending upon the method of calculation, the average annual
albedos for open water surfaces range from 4.8 to 6.5% at the equator and from
11.5 to 12.0% at 60° latitude. On a monthly basis, albedos varied from 4.5 in March
and September to 5.0 in June and December at the equator. The corresponding
values at 60° latitude were 7.0% in June and 54.2% in December.

Water absorbs an average of about 90% of the radiation that strikes its surface.
Water, because of its high specific heat, is the major means of detaining incoming
solar energy at the earth’s surface. Of course, water bodies like land masses
re-radiate long wave radiation continuously, and the input of solar energy is balanced
by outgoing radiation.
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The light that penetrates the water surface is absorbed and scattered as it passes
through the water column. This phenomenon has many implications in the study of
water quality, and will be discussed several places in this book—especially in
Chap. 6.

Refractive Index

Light travels faster through a vacuum than through other media, because a vacuum is
devoid of matter which interferes with passage of light waves. The optical density is
the logarithmic ratio of incident to transmitted radiation for a material, and it usually
is directly proportional to the mass density of that material (Wilson 1981). When
light passes from a less optically dense to a more optically dense material, its
velocity decreases. The opposite occurs when light passes from a more dense to a
less dense medium. According to Snell’s law, a decrease in speed causes light to
refract towards the normal (Fig. 1.11), while an increase in speed causes light to
refract away from the normal. The variables shown in Fig. 1.11 can be arranged into
the following relationship:
Sin 92 B C2 - nm

=== 1.5
Sinel C1 no ( )

where 6, = angle of refraction in air, 0, = angle of refraction in water, c; = speed of
light in air, ¢, = speed of light in water, n; = refractive index of air, n, = refractive
index of water. The refractive index can be defined as the ratio of the speed of light in

Fig. 1.11 Depiction of the o i
Snell’s law relationship c I' s

Mormal

5 Water
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Fig. 1.12 (a) Visual evidence of the refraction of light by water. (b) Refraction makes an object
appear at less depth than it is

a vacuum to the speed of light in another medium. The refractive index of water has
traditionally been reported as 1.33300 (Baxter et al. 1911). However, the refractive
index varies with the wavelength of measurement, increases with greater salinity and
pressure, and decreases with greater temperature (Segelstein 1981).

The refraction of light by water is quite obvious when viewing from the side a
drinking straw inserted into a container of clear water (Fig. 1.12a). Visible objects
beneath the water’s surface reflect light which is seen by the observer. The reflected
light will increase in velocity and refract away from the normal upon exiting the
water. As a result, a fish or other underwater object in a water body will appear to an
observer standing on the shore to be at a shallower depth than it actually is
(Fig. 1.12b).

Conclusions

The unique physical properties of water resulting from hydrogen bonding allow it to
exist at the earth’s surface. This has allowed the earth to support an abundance of
living things. The physical properties of water contribute to its many beneficial uses.
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Abstract

Temperature is a measure of the heat content of an object which results from the
energy content of that object. The main source of energy in ecological systems is
solar radiation. The earth’s energy budget is essentially balanced with the incom-
ing solar radiation being balanced by the reflection of solar radiation and the
re-radiation of energy absorbed by the earth as longwave radiation. The tempera-
ture of natural water bodies vary in response to diurnal and seasonal changes in
solar radiation. The penetration of light into water bodies which regulates the
depth to which photosynthesis occurs is strongly influenced by water clarity.
Solar radiation heats the surface layers of water in lakes, reservoirs, and ponds
more quickly than it warms deeper water. Water bodies often experience thermal
stratification in which warmer, lighter water of the surface layer does mix with
cooler, heavier deeper water. Warmth also favors greater rates of most chemical
and physical process, and respiration of organisms increases with greater temper-
ature within the temperature tolerance range of organisms.

Introduction

Temperature has a major influence on rates of physical, chemical, and biological
processes. Temperature effects molecular motion, which, in turn influences physical
properties of matter, abiotic and biotic reactions, and activities of organisms. Each
biological species has a specific range of temperature within which it can survive and
a narrower temperature range within which it functions most efficiently and does not
suffer thermal stress. Rates of physical and chemical reactions influence
concentrations of dissolved and suspended matter in water. Suspended particles
and some colored organic compounds in water lessen light penetration and reduce
aquatic plant growth which is the source of nutrition for animals and most non-
photosynthetic microorganisms. The influence of temperature on activities of aquatic
organisms result in water quality fluctuations.

)
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Physical, chemical, and biological aspects of water quality are highly interrelated,
and water temperature effects water quality. Water temperature depends mainly
upon the amount of solar radiation received by water bodies, but it is generally
considered a basic water quality variable because of its many effects. The purpose of
this chapter is to explain relationships among energy, heat, and temperature, discuss
solar radiation, and describe the major effects of temperature in water bodies.

Energy, Heat, and Temperature

Electrons, atoms, and molecules are in constant motion. Electrons are classically
depicted by the Bohr model as moving around the nucleus of an atom in well-defined
layers of orbitals with each orbital containing a fixed number of electrons. Although
this depiction is extremely useful, modern quantum mechanics holds that electrons
move very fast and act as if in a cloud revolving about the nucleus of an atom. The
exact location of an electron at any given moment is not predictable. Electrons are
negatively charged and repel each other, but their density around the nucleus is
seldom uniform.

The bonds between atoms in a molecule vibrate. A molecule with two atoms
vibrates when its atoms move closer together and then further apart. Molecules with
three or more atoms—water has three atoms—can vibrate in more than one way. The
two H-O bonds in water can go back and forth like a yo-yo in a symmetrical or in a
non-symmetrical pattern, and two H-O bonds may bend towards each other and then
away. The bonds, including hydrogen bonds in water, also tend to stretch as
temperature increases. The rate that atoms and molecules vibrate and stretch is
related to temperature. All molecular motion is said to cease (it actually becomes
minimal) at a temperature of —273.15 °C on the Celsius scale or 0°Kelvin (K) on the
absolute temperature scale, and molecular vibrations increase with increasing tem-
perature. The temperature per se does not cause the vibrations; the energy content of
atoms and molecules is responsible for the vibrations. Temperature is merely a
measure of the energy content of something, or in everyday terms, how hot or
how cold something is. The temperature results from the response of the temperature
sensor to the activity level of molecules in a substance according to a scale ranging
from cold to hot.

Energy is a complex concept difficult to explain in a few words. It is universally
recognized as what is required to warm something or to do work, and its definition
relates to doing work on or transferring heat to an object. The science of thermody-
namics is the study of relationships among heat, work, temperature, and energy.
There are three main laws of thermodynamics, and the first law often is stated as
“energy cannot be created or destroyed, but it can be changed between heat and
work. The total energy content of the universe remains constant according to time’s
arrow.” The expression time’s arrow (passing of time) implies that energy, like
matter, had a beginning. It was created at some time in the past, but it has not been
created since. This is one of many examples of the overlaps of physics, philosophy,
and theology.
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Heat and temperature can be related to each other by the expression
Q = mcAT (2.1)

where Q = heat (J), m = mass (kg), ¢ = specific heat (J/kg/°K), AT = temperature
change (°K). Of course, a Kelvin degree and a Celsius degree are exactly the same
size, but the Kelvin scale has its base as absolute temperature which is 273.15 degree
units lower than the zero for the Celsius scale (°K = °C + 273.15). The symbol Q
often is used for heat, while energy often is indicated by E, but both are reported in
joules in the SI unit system.

Ex. 2.1 A water body of 10,000 m® and 1 m depth has net absorption (radiation
absorbed-radiation radiated) of 50 J/m*/sec. Assuming no energy loss, how much
would the temperature of the water increase in 1 hr?

Solution:

The energy input in 1 hr is

Oin = 50 J/m* [sec x 10,000 m* x 3,600 sec /hr

Qi =18 x10°J.

The temperature change can be calculated with Eq. 2.1

arT=2
mc
1.8 x 10°J

AT

T 10%m3 x 10% /m? x 4.184 7 /g/"C

r_ 18x 10°7
4184 x 10'%7/°C

AT = 0.043°C.

The second law of thermodynamics recognizes that everything becomes more
disorganized or more random in response to time’s arrow. The second law often is
stated as “the entropy of the universe always increases with time’s arrow.” In other
words, the universe is becoming more random or running down. The degree of
randomness or disorder is called entropy. The common way of explaining entropy
involves the organization of objects or particles of matter. The top of a well-
organized office desk has low entropy, but after organizing your desk, it becomes
less organized as you use it—entropy increases. Molecules in a sugar cube have low
entropy. When you put the cube in a cup of coffee, it disintegrates into sugar grains,
molecules in the grains dissolve, and you stir the coffee to mix the molecules of
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sugar homogeneously. Entropy increases from cube to grains to heterogeneous
coffee-sugar mixture to homogeneous coffee-sugar solution. This simple view of
entropy is not useful in mathematic computations of energy relationships. It did,
however, inspire the Scot-Irish physicist William Thompson (better known as Lord
Kelvin) to say “we have (from the second law of thermodynamics) the sober
scientific certainty that the heavens and earth shall wax old as doth a garment.”

Entropy can also be defined as the energy change which occurs when energy is
transferred between two objects at constant temperature. There are several equations
for entropy, but a simple one is

AS = Q (2.2)

T

where AS = entropy change (J/°K), Q = heat transferred (J), T = temperature (°K).
The second law requires energy to flow by conduction from a hotter object to a
cooler object until both objects are at the same temperature. Some heat will be lost to
the surroundings and not available to do the work of raising the temperature of the
second object. Entropy is the amount of energy not available for doing work. Closed
systems move towards a state of equilibrium in which entropy is maximum. Entropy
change in a closed system cannot decrease (be negative).

The third law acknowledges that entropy is related to temperature and establishes
a zero point for entropy. This law usually is expressed as “the entropy of a perfect
crystal of a substance is zero at absolute zero (°K or — 273.15 °C).” In the entropy
equation (Eq. 2.2), temperature must be in degrees absolute.

There is a fourth law (often called the zeroth law) indicating the rather obvious
fact that “two thermodynamic systems each in thermal equilibrium with a third, are
in thermal equilibrium with each other.” This law is usually not of much importance
in water temperature discussions.

Solar Radiation

The source of energy (and light) for earth is the sun. The sun consists mainly of
hydrogen gas (73.46%) and helium gas (24.58%). The sun emits energy produced by
nuclear fusion (mainly by the proton-proton chain) occurring in its core. At the high
temperature (possibly 15 million °C) and enormous pressure (possibly 250 billion
atmospheres) in the sun’s core, hydrogen gas (H,) is converted to electrons and
naked hydrogen ions or protons (H"). The electrons and protons are moving rapidly,
and when two protons smash together, they form a deuterium nucleus (H?) with the
release of a positron (B*) and a neutrino (v):

H'+H' - H> 4+ p" +v. (2.3)

When a deuterium nucleus collides with a proton, a helium-three nucleus (H*) results
with the release of a gamma ray (y):
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H> +H' =H® +7. (2.4)

Two H? nuclei collide to make a helium-four (He4) nucleus and two protons are
released.

H® + H® — He* + 2H'. (2.5)

The mass of H* is slightly less than the mass of the four protons (H') that combined
to make it. This slight loss of mass resulted from mass being converted to energy in
the form of gamma rays.

The relationship of mass to energy is explained by Einstein’s equation

E = mc? (2.6)

where E = energy (J), m = mass (kg), c = speed of light (299,792,458 m/sec or
~3 x 10® m/sec). The base unit for the joule is kg-m*/sec” or Newton-meter (N-m).
Using Eq. 2.6, it can be seen that if 1 kg of mass is converted completely to energy,
8.99 x 10'® J of energy would result. The sun creates about 3.9 x 10?° J of energy
every second by converting an estimated 600 x 10° t of hydrogen to 596 x 10° t of
helium (www.astronomy.ohio-state.edu/~ryden/ast162_1/notes2.html). To put this
in some kind of perspective, the daily energy consumption by the global activities of
humans was only around 10'® J in 2018 (https://www.eia.gov/outlooks/aeo/). Of
course, the earth only receives about 0.0000002% of the total amount of solar energy
emitted into space by the sun.

Energy released in the sun’s core as gamma rays by the proton-proton chain
reaction slowly migrates through the plasma of the sun to its surface. The tempera-
ture declines from millions of degrees Celsius in the sun’s core to about 5500 °C at
its surface. As the gamma rays move through the plasma, they are absorbed and
reradiated at lower frequencies, and the lower frequencies are likewise absorbed and
reradiated at even lower frequencies.

Electromagnetic radiation from the sun (sunlight) can, according to quantum
mechanics, be thought of as consisting of massless particles traveling in waves of
different frequencies. The energy content of electromagnetic waves increases with
decreasing wavelength. The wavelength (M) is the distance between the crests of an
electromagnetic wave. Short gamma rays have the most energy, while long radio
waves have the least. A wave transports momentum through its motion, and this
motion carries energy even though the particles of energy called photons of which
light consists of no mass. This can be visualized as one flipping the end of a rope to
cause the rope to move as a wave to the other end. The wave could cause a person
holding the other end of the rope to experience a tug even though the rope carried no
matter. The fact that a wave can carry energy results in an energy transfer when the
wave strikes another substance.

Objects absorb electromagnetic radiation but they simultaneously emit electro-
magnetic radiation. Objects with temperatures above absolute zero emit radiation
because electric charges on their surfaces are accelerated by thermal agitation. The
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wavelength of radiation is equal to the speed of light (c) divided by the frequency
(f) or A = c/f. The frequency of the radiation increases with the energy content of
waves, e.g., gamma rays have more energy than visible light. The electric charges on
objects are accelerated at different rates, and a spectrum of radiation is emitted.

The energy for the spectrum radiated by an object depends upon temperature. The
simplified form of the Stefan-Boltzmann law describing energy radiated by objects
is:

E =0T (2.7)

where E = energy emitted (J/m*/sec), & = Stefan-Boltzmann constant
(5.67 x 1078 J/°’K*/m?/sec), T = absolute temperature (°K). Of course, in reality,
the total amount of energy radiated depends also upon the emissivity of objects
(which ranges from O to 1), the temperature of the surroundings into which the object
is radiating, and the area of the radiating surface. The expanded form of Eq. 2.7 (not
presented here) takes all of these factors into account.

The wavelength of radiation is related to the temperature of the radiating surface,
and wavelength increases at lower temperature. This phenomenon is described by
Wein’s law which can be used to estimate the peak of wavelength in the radiated
spectrum. The equation is:

2,897

where Ay.x = peak wavelength (um), T = absolute temperature (°K).

Ex. 2.2 The amount of energy radiated from the sun and the peak wavelength of this
radiation will be calculated assuming the sun’s surface has a temperature of
5773°K.

Solution:

Energy, using Eq. 2.7

E = (5.67x 1078/ K*/m?/ sec) (5,773 K)"*

E = 6.30 x 1077 /m?/ sec.
Wavelength, using Eq. 2.8

2,897

A
5,773

= 0.5 um.

Although the peak wavelength of sunlight calculated in Ex. 2.2 is 0.5 pm, the
spectrum contains rays of many other wavelengths. Sunlight passes through space
without changing in intensity of wavelength. The amount of solar radiation striking
the top of the earth’s atmosphere on a plane perpendicular to the sun’s rays is known
as the solar constant, and averaged over several years, the solar constant is
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1368 J/m*/sec (http://earthobservatory.nasa.gov/Features/SORCE/). This radiation
is about 10% ultraviolet (A = 0.10-0.40 pm), 40% visible (A = .38-0.76 um), and
50% infrared (A = 0.7-5.0 pm) with small amounts of other wavelengths (Fig. 2.1).
The earth’s atmosphere reflects, absorbs, and reradiates solar radiation. Sunlight
reaching the earth’s surfaces consists of roughly 3% ultraviolet radiation, 44%
visible light, and 53% infrared radiation. Radiation often is classified as shortwave
(<4 pm) and longwave (>4 pm).

Sunspot activity causes the solar constant to increase slightly. Sunspots are dark
regions that occur on the sun’s surface as the result of magnetic activity which causes
vortexes in the sun’s gases near the surface. The dark region of a sunspot is actually
cooler than the surrounding surface, but solar flares occur around edges of sunspots
resulting in a greater release of energy than normal (https://stardate.org/astro-guide/
sunspots-and-solar-flares). Sunspots are said to follow an 11 year cycle between
minimum and maximum activity with a variation of only 1.4 J/m*/sec in the solar
constant. However, during the period 1645 and 1715 (often called the Maunder
Minimum in astronomy), almost no sunspots were observed. This period also is
sometimes referred to as the Little Ice Age because of the unusually low
temperatures thought to have been the result of the absence of sunspots (Bard
et al. 2000). The period 1950-present has experienced more sunspots and greater
solar radiation than noted since 1600.
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Earth’s Energy Budget

The radiation reaching the sphere bounded by earth’s atmosphere is measured on a
plane perpendicular to the sun’s rays. However, the earth and its atmosphere are
spherical, and the radiation actually is spread over the surface of this sphere. The area
of a sphere (47r?) is four times that of a circle (nr?). As a result, the average amount
of radiation striking the sphere of the earth’s atmosphere is one-fourth of the solar
constant, and it has been measured as 341.3 J/m?*/sec (Trenberth et al. 2009).

The trophosphere which extends 10-12 km above the earth’s surface consists
mainly of nitrogen and oxygen in a ratio of approximately 4:1. There also is a
variable quantity of water vapor and small amounts of argon, carbon dioxide, and
several other gases. These gases, and especially water vapor in clouds, reflect and
adsorb incoming radiation. Of the incoming shortwave radiation, the atmosphere
reflects 79 J/m*/sec and absorbs 78 J/m*/sec. Thus, about 184.3 J/m?*/sec of incom-
ing shortwave radiation actually reach the earth’s land and water surface, and 23 J/
m?/sec of this is reflected (Trenberth et al. 2009).

The earth’s global solar radiation interactions are depicted (Fig. 2.2). The overall
energy budget is rather simple (Table 2.1); the earth and atmosphere receive 341.3 J/
m?/sec of shortwave radiation, 102.0 J/m?/sec of which is reflected and 238.5 J/m?%/
sec of longwave radiation (340.5 J/m*/sec is radiated back to space). The net
absorption is 0.8 J/m?*/sec. The earth and the atmosphere reradiate absorbed energy
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Fig. 2.2 Earth’s energy budget relationships
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Table 2.1 Budget for

Amount
earth’s incoming shortwave R, diation (J/m?/sec)
radiation :

Incoming shortwave 341.3
Reflected by atmosphere 79.0
Absorbed by atmosphere 78.0
Reflected by surface 23.0
Absorbed by surface 161.3

Outgoing radiation 340.5
Reflected shortwave 102.0
Emitted longwave 238.5

Net absorbed 0.8

as longwave radiation. The shortwave radiation component is much less complex
than the longwave radiation component. Equation 2.7 can be used to estimate
radiation from the earth and the wavelength peak of this radiation (Ex. 2.3).

Ex. 2.3 The average rate of re-radiation and the peak wavelength of this radiation
will be calculated for an effective global average temperature of 14.74 °C
(287.89°K).

Solution:

Energy, using Eq. 2.7

E= (567 x 10787/ K* /m?/ sec) (287.89'K)"

E = 389.5 J/m?/ sec.

Wavelength, using Eq. 2.8

2,897

* = 589.89

=9.99 um.

The value for E calculated in Ex. 2.3 is close to the measured value of
396 J/m*/sec presented by Trenberth et al. (2009).

The earth’s surface absorbs 161.3 J/mz/sec, but of the 396 J/m%/sec of radiation
emitted by the earth’s surface, 333 J/m?/sec are reabsorbed as back radiation by the
earth’s surface. In addition, thermal convection and latent heat of evaporation
contribute 80 J/m*/sec and 17 J/m?/sec of energy, respectively to the atmosphere.
The actual outgoing radiation to space of 340.5 J/m?/sec consists of shortwave
radiation reflected from the atmosphere and clouds (79 J/m2/sec) and the earth’s
surface (23 J/m2/sec) and longwave radiation emitted from clouds and the atmo-
sphere (199 J/mZ/sec) and direct emission into space (40 J/m2/sec). Longwave
radiation from the earth may be absorbed and reradiated in complex patterns.
Nevertheless, incoming shortwave radiation from space nearly is balanced by
reflection of shortwave radiation and emission of longwave radiation.
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The ocean and other water bodies absorb and hold a considerable amount of
energy. According to Kirchhoff’s law, there is a direct relationship between absorp-
tivity (a) and emissivity (e), a = e, and good absorbers are good radiators. The albedo
of water is low (usually no more than 5-10%), and its emissivity is 0.96 on a scale of
0-1.0. The earth’s land surface has an average emissivity around 0.5.

Greenhouse Effect

Nitrogen, oxygen, and argon in the atmosphere do not impede escape of longwave
radiation into space. Water vapor, carbon dioxide, methane, nitrous oxide, and a few
other gases absorb longwave radiation slowing its passage into space and increasing
the heat content of the atmosphere. This process is known as the greenhouse effect of
the earth’s atmosphere; the gases responsible for this effect are called greenhouse
gases. The common observation that nights are often warmer when there is cloud
cover than when the sky is clear provides tangible evidence of the greenhouse effect.
The greenhouse effect warms the earth, and without it, the earth would average about
30 °C cooler. Life on earth, as we know it, depends upon the natural greenhouse
effect of the atmosphere.

The concentration of carbon dioxide in the atmosphere was around 280 ppm at
the beginning of the industrial revolution (/=1750). The increased use of fossil fuels
for energy since the 1750s has progressively increased atmospheric carbon dioxide
concentration. Carbon dioxide concentration has been monitored continuously in the
air at Mauna Loa Observatory in Hawaii since the late 1950s. The concentration was
320 ppm in 1960, and the average for June 2018 was 411 ppm (https://www.co2.
earth). Concentrations of other greenhouse gases also have increased because of air
pollution. Greater greenhouse gas concentrations are thought to be the major factor
causing global warming. The annual global temperature has increased about 0.07 °C/
decade since 1880, but since 1970, the increase rate averaged 0.17 °C/decade.

Light Penetration in Water

A major influence of solar radiation in aquatic ecology is the necessity of light for
photosynthesis. Light for photosynthesis is almost entirely within the visible range
of the electromagnetic spectrum, but the visible spectrum represents only 44% of the
electromagnetic input to earth from the sun. Infrared radiation accounts for 53% of
the remaining electromagnetic input. Most of the solar radiation entering water
bodies is in the visible or infrared range. The focus here will be on the absorption
of light energy by water, and effects of light on photosynthesis is deferred to
Chap. 10. Most of the absorption of light by water is within the 0.38—4 pm
wavelength range. Although Fig. 2.3 indicates strong absorption in the
0.01-0.1 pm range, relatively little of the sun’s electromagnetic input falls within
this range.
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Fig. 2.3 Absorption spectrum for clear water

The absorption coefficient (k) is a function of wavelength and reported in the unit
inverse of meters (1/m). The fraction of incident light (I)) penetrating to a particular
depth (I,) may be expressed as

/I, =e ™ (2.9)

where e = base of natural logarithm and z = depth (m). This equation known as the
Beer-Lambert law equation may be integrated to give

InT,—In I, =kz. (2.10)
The intensity of light may be expressed as illuminance or as energy. We are more

interested in energy here, so joules (J = 1 watt) will be used.

Ex. 2.4 In clear water, about 25% of light reaches 10 m. The solar radiation on the
water surface is 1000 J/m*/sec. The k for clear water will be estimated.

Solution:

Using Eq. 2.10,

In 500 — In (500 x 0.25) = k (10 m)
6.215 — 4.828 = k (10 m)

k=1.387-10=0.1387m".

Not all of the energy in incoming radiation is absorbed by water and transformed
to heat. Some of the light is scattered and reflected, but most is converted to heat. The
Beer-Lambert law equation basically reveals that equal successive increments of
depth in water absorb equal increments of light. As a result, the first 1-cm layer
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Fig. 2.4 Light penetration L]
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absorbs a certain percentage of incoming light. The second 1-cm layer absorbs the
same percentage of the light reaching it, but the amount of light reaching the second,
1-cm layer is less than that reaching the first, 1-cm layer. The amount of light energy
absorbed by each equal successive increment of depth decreases with greater depth.
The result is a light absorption curve of the shape illustrated in Fig. 2.4.

The density of air at 20 °C is 1.204 kg/m?, and 1 kg of air occupies 0.883 m*>. The
specific heat of air at 20 °C and constant pressure is 1010 J/kg/°C. Thus, 0.83 m® of
air would have a heat-holding capacity of 1010 J/kg/°C. By contrast, 0.83 m® of
water would weigh 830 kg and hold 3,472,720 J of heat. Soil, depending upon its
moisture content, will hold roughly 20-60% as much energy as water. Water bodies
can store a lot of energy. Of course, they emit longwave radiation and tend to reach
an equilibrium in which outgoing radiation equal incoming radiation.

Water Temperature

Temperature is a measure of the internal, thermal energy content of water. It is a
property that can be sensed and measured directly with a thermometer. Heat content
is a capacity property that must be calculated. Heat content usually is considered 