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Climate Change and Sea Level

Until recently, information on climate change and its consequences was rarely available in the present

educational materials in the South Pacific region. The review report of the South Pacific Sea Level and

Climate Monitoring Project, Phase I, recommended that a specific effbrt should be made to produce

appropriate teaching materials on sea level and climate change issues for the schools in the Pacific region
during Phase II of the Project. There are some outstanding projects related to climate change in the Pacific

region. All of these programmes have mandates from their funding agencies to engage in dissemination of
scientific information and to improve educational and teaching material in the region. The need to integrate
the information from all these programmes is imperative, so that a more complete and understandable

message on climate change and sea level can be delivered in the Pacific region.

As a first stage, a 4-day long meeting for the development of curriculum modules for the Pacific Island

Countries [PICs] was held during 3-6 October, 1995 at the National Tidal Facility [NTF] and the necessary

guidelines were laid down by the personnel from the NTF, the South Pacifc Regional Environment

Programme ISPREP] and the Atmospheric Radiation Measurement [ARM] programme of USA.

Based upon the decisions made during the above meeting, as a second stage, a two-weck long workshop on
curriculum development on climate change and related effects was successfully held during 4-14 June 1996

at Apia, Samoa. Fourtecn participants from I I PICs took part in the workshop along with the six-member
resource team from NTF, SPREP, Samoa Teachers' College and Schools of the Pacific Rainfall Climate
Experiment ISPaRCEI. As a substantial outcome of the workshop, a draft of eight curriculum modules on
climate change and its impacts were produced during two weeks. It is mainly targeted to the upper primary
and lower secondary level of the schools in the Pacific. The main contributors during that activity are shown
and listed here.

(ix)





List of Contributors

No Name Country No Name Country

Mr H Segal FSM Mr F Malele Samoa

2 Mr A Sela Fiji l3 Mrs T Afamasaga Samoa Teachers' College

Mr T Tebakabo Kiribari 14 Mr P Varghese Samoa Teachers' College

4 Mr K Kusto Marshall lslands 1< Mr K Kolose Samoa Teachers' College

5 Mr L Siakimonr Niue t6 Dr M Morrissey SPaRCE. USA

6 Ms E Veneo PNG t'7 Dr S Posawko SPaRCE. USA

7 Mr C Pierce Vanuah.r l8 Dr T Aung NTF. Australia

8 Mr S Panda Solomon Islands t9 Dr C Kaluwin SPREP. Samoa

I Ms S Tapueluelu Tonga 20 Ms G Gaufa-Uesele SPREP. Samoa

l0 Ms T Ielemia Tuvalu 2l Ms K Wyan Oregon Uni, USA

1l Mr T Suaesi Samoa Participanu hom Cook lslands and Nauru were absent.

Subsequent compiling, reformatting, rewriting and editing of the above eight modules were carried out step

by step by the Training Coordinator of NTF and Climate Change afficer of SPREP simultaneously in
Adelaide and Apia; their work was overseen closely by Emeritus Professor G W Lennon, AO. For the final
publication, further discussion among NTF, SPREP, ARM and SPaRCE took place in Noumea, New
Caledonia during the Third SPREP Meeting on Climote Change and Sea Level Rise in the Pacific between
18-22 August 1997 based upon the edited version and the topics covered. It was decided to produce two
parts such as, Part One: Physical Science and Part Two: Social Science in a text form tbr both teachers and
students.

We are indebted to all the people [especially from SPREP and NTF] whose collective effort was critical to
the production of this publication. Among them are Ms L Le'apai and Ms S Patelesio of SPREP especially
for their clerical assistance during the curriculum producing workshop in Apia. In the later part of the
process, Mr D Strauss, Mr G Musiela and Ms H Westrup of NTF deserve credits for their assistance in
compiling, proof reading and many other computer related aids. We gratefully acknowledge the flnancial
support provided to produce this publication by the Australian Agency for lnternational Development

lAusAIDl and the other sponsors, NTF, SPREP, ARM and SPaRCE.

The editors are fully aware of the local needs of educational materials on climate change and sea level
issues in the Pacific region and the appropriate level. Accordingly, they exert themselves to produce the
curriculum modules in a short period of time scale. However, it may be appropriate to end this preface with
the following extracts from Michael Flanders's At the Drop of a Hat ca that encapsulate the tumultuous
difficulties of writing science related topics in simple language and that these curriculum modules explore.

One of the great problems of tlre world today is undoubtedly this
problem of not being able to talk to scientists, because we don't
understand science; they can't lalk to us because they don't understand
urtything else, paor dears!

T.H.A.

February 1998
Adelaide, South Australia

C.K.

(xi)
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The ArFlnogolhere

Overview

Atmosphere refers to the mixture of gases that envelopes our planet earth. This mixture of gases

extends from the surface of the earth outward into space. The densities of these gases is greatest at

sea level and as altirude from sea level increases so the densities decrease.

Living things owe their existence to the presence of these gases. The natural processes of life like
photosynthesis, aspiration and solar radiation keep the balance of this mixture of gases constant.

However, human activities like industrial development and intensive farming tend to upset this
balance by adding extra quantities of gases such as Carbon Dioxide [COJ, Methane [CHo] and

Chloro-Fluoro-Carbons [CFCs] into the atmosphere. The result is the Enhanced Greenhouse

Effect which contributes to climate change and is currently being experienced.

Aims of the Module

(1) To enable students to have the basic understanding of the composition and structure of the
atmosphere.

To enable students understand the role played by atmospheric pressure and temperanrre.

To enable students understand nanrral and enhanced greenhouse effects and their
implications.

Objectives

Knowledge and Understanding:

After studying this module the srudents should be able to:

- define atmosphere

- explain how the atmosphere evolved

- list the components of the atmosphere

- describe the change in the atmospheric composition with time

(2)

(3)



- define atmospheric pressure

- relate atmospheric pressure to air movement in the atmosphere

- explain how the atmosphere is heated or cooled

- explain the atmospheric heat budget

- relate atmospheric temperature and pressure to air movement in the atmosphere

- list the greenhouse gases and explain the difference between the namral greenhouse
effect and the enhanced greenhouse effect

- explain the seasons, how and why they happen

- relate knowledge of the atmosphere to weather, climate and climate change

Knowledge Base

Introduction

The Earth's atmosphere plays a crucial role in shaping the weather, climate and life-supporting
systems. However, the ocean and atmosphere are the earth's fluid outer layers and are closely
connected. Before focussing upon the ocean and its processes, it would be appropriate to examine
the atmosphere and the processes that control its movements. In fact most human beings spend

their lives at the base of the huge mass of air that forms the outer layers of our planet. Air is a
mixture of gases. The various gases which surround the earth are bound to it by the gravitational

force of attraction.

Evolution of the Atmosphere

Like the Earth's ecological and biological systems, the atmosphere has evolved over time,
changing in properties and composition. The Earth's atmosphere was created from the inside. It is

believed that dissolved gases escaped from the earth's interior as the planet cooled and the crust

solidifred. The gravitational pull of the planet trapped the gases close to the earth.

Degassing from the Earth's interior continues today in less spectacular processes such as active
volcanoes, and provides clues as to the composition of the early atmosphere. Volcanic emissions

include Nitrogen [Nr], Sulphur dioxide [SOr], Carbon dioxide [COr] and trace gases such as

Argon [Ar]. Although Oxygen [Oz], the life sustaining gas required by many living things is
absent from the list of volcanic gases, nevertheless, evidence from geological records shows the

presence of oxygen in the atmosphere from an early stage and oxygen now comprises one fifth of
the atmosphere.

Atmosphere

The Earth is surrounded by a huge mass of gases [air] generally named the Atmosphere. Although
other planets exist within our solar system there are none that have a similar atmosphere to that of
the Earth. The Earth's envelope of air is essential to life. It contains oxygen and water vapour
which is used by both animals and plants and carbon dioxide which is used mainly by plants.

The upper limit of the atmosphere is sometimes conveniently described as occurring approximately
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1000 km above mean sea level. In fact, only about l7o of the total mass of the atmosphere is
above an altitude of approximately 30 km above mean sea level. However most scientists regard
the upper limit of the atmosphere to merge gradually with the extremely rarefied gases and dust
that occupy the space between the planets. In this case there is no sharp boundary between the
atmosphere and outer space.

Composition of the Atmosphere

The mixture of gases that make up the atmosphere is given in Table L I as the composition of dry
air by volume.

Table 1.1

Composition of Dry Air

Gas Percentage by Volume

Major Component: Nitrogen 78.084

Oxygen 20.946

Minor Component: Argon 0.934

Carbon Dioxide 0.033

Trace Component: Neon 0.00182

Helium 0.00052

Krypton, Hydrogen, Xenon, Ozone. Radon, etc. 0.00066

Note: The gases above are the components in pollution-free dry air at ground level expressed as

percent by volume.

In general, the atmospheric relative composition is virtually constant up to an altitude of
approximately 80 km. There are some exceptions: ozone [Or] and water vapour [HrO]. Some
variability of carbon dioxide [COJ also occurs at low levels.

Water vapour is a minor constituent in the atmosphere, but has a major role in atmospheric
circulation. In fact, water vapour is found to be lighter than nitrogen [NJ, the major constituent
of air. Thus adding water vapour to air makes it lighter, and it tends to rise. However, removing
water vapour makes air heavier [more dense], causing it to sink. Also the release of heat caused
by condensing water vapour, warms the surrounding air and is an important energy source for
atmospheric processes. Thus warming the atmosphere causes air to become less dense, while
cooling it causes air to become denser.

Structure of the Atmosphere

Meteorologists realise that it is important to consider the atmosphere as a whole, if they are to
predict its future behaviour. So satellites, and rockets bearing electronic equipment are used to
study the upper atmosphere. At the same time, surface meteorological networks are being
extended throughout the world. While it is often convenient to study a particular region of the

atmosphere, it is necessary to keep in mind that events in one region affect the environment of
other parts of the atmosphere.
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Based on the mean variation of temperarure with altitude, the atmosphere is divided into four main
regions: the troposphere, stratosphere, mesosphere and thermosphere [Fig. l.l]
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Troposphere

Characteristics:

(l) Altirude:

(2) Composition:

{3) Temperature /Air Movement'.

This is the layer of air
which extends upward

lFig, l.ll.

(i) This region contains
Due to the weight of air,
level.

which we live in
-10 km from the

and a region
earth surface

-757o of the atmospheric gases.

it is most dense at or below sea

(iD It contains almost all the water vapour
atmosphere. Thus, clouds and storms are present

region but not in the higher regions.

(i) Most radiation from the Sun is absorbed by the Earth's
surface and so the troposphere is heated from below. It is
the reflected radiation which is responsible for heating the

troposphere. Temperature varies in this region, usually
decreasing with increasing altirude [Fig. 1.11.

(ii) On average, the rate of decrease in temperature with
altitude is -6.5 'C km'' in the lower half and -7.5 "C

km-' in the upper half of this region. One might notice
during the flight that the temperature outside a plane at a

of the
in this
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Stratosphere

Characteisticsz

(l) Alritude:

(2) Tenryerature:

Mesosphere

Characteristicsz

(l) Altitude:

(2) Composition:

cruising altitude of - I I km is reported to be

approximately -50 'C.

(iii) Due to the variation in temperature, barometric
pressure and the interaction of atmospheric gases, notably
the amount of water vapour present, there is a lot of air
movement. air rises and sinks.

The stratosphere is the region above the troposphere. It
extends from the top of the troposphere to an altitude of
-50 km.

(i) Generally remains constant up to - 20 km. For this
reason it is sometimes called the isothermal layer.

(ii) The layer of the atmosphere is already very cold and

exceedingly sparse.

(iii) Temperature variation is very small, this results in
almost no air movement. However, temperature increases

slowly to about 30 km, above which it rises rapidly.

(iv) At an altitude of -50 km, the temperarure ceases to
rise. The temperatures in the upper part of the stratosphere
can be [as shown in Fig. 1.1] higher than those near the

Earth's surface. A noteworthy point here is that heat

energy is transferred downwards by radiation. The
stratosphere has a heat source in its upper level, in contrast
to the troposphere, which is mainly heated from below.

The region that goes from the upper limit of the

Stratosphere to an altitude of - 80 km.

This is the ozone protective layer. Ultra-violet rays change
free oxygen [OJ molecules to ozone [O3], a form of gas

containing three atoms of oxygen. Ozone filters ultra-violet
rays, so they are harmless when they reach the Earth's
surface.

The temperature in this region ranges from -77 " C to
-95'C which makes it a dangerous region for

spacemen. In general, the temperature decreases with
increasing altirudes in this region [Fig. 1.1]. Near the

bottom of this layer, the atmosphere's ozone which absorbs

(3) Temperature:
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ultraviolet radiation from the Sun is concentrated and as a
consequence, the stratosphere is heated from below,

Thermosphere

Characteristicsz

(l) Altirude:

(2) Composition:

Above the mesosphere, the thermosphere can extend to an
altitude of -400 km or even higher to -500 km.

The molecules of many of the gases are separated into
their individual atoms by the action of the ultraviolet and
X-radiation from the Sun. The regions where ionisation is
more persistent in the thermosphere and the mesosphere
are called the ionosphere.

At the lower part of the thermosphere, temperature can be
as low as --40 'C. Gradually the temperature rises and
increases to more than 100 "C with the increase in
altitude. During active periods of the Sun this increase may
extend to an altitude of -500 km. This layer is heated by
the Sun from above.

(3) Temperature:

Atmospheric Pressure

We humans are subjected to the pressure produced by the weight of the gases of the atmosphere
above us. The force exerted on a unit area of surface by the weight of the air above the surface is
named atmospheric pressure and expressed in N m-2 [Newton per square metre] which is also
named Pa [Pascal].

Although unnoticeable in daily life, the atmospheric pressure can be demonstrated in a simple
way. A privately conducted trial run, prior to the class demonstration, is well advised.

In order to draw the better attention of the students and
highlight the effect of the atmospheric pressure, it is
advisable to conduct the following demonstration during
the sessiott of this topic in the class room.

Take a metal oil container of approximately 4 litre capacity and, having removed the cap, heat the

container over a fire or burner or torch. When heated, the can should be removed from the source

of heat with heavy gloves and the cap re-fitted to make the seal again. Without paying special
attention to the heated can, the lecture should continue to explain that some air inside the can is
removed by heating and consequent expansion. Accordingly, the inside air pressure is much

reduced when the can cools down. Meanwhile over several minutes, the can will be seen to creek,
groan and distort as it implodes under the external atmospheric pressure. This experiment can be a
perfect example of the strength of the atmospheric pressure and it clearly shows that the pressure

is exerted on the can from all directions.
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Measurement of Atmospheric Pressure

An instrument which is widely used to measure the atmospheric pressure is known as a barometer

[baro : weight; metron : measure]. Among many kinds of barometer, a simple mercury
barometer is illustrated in Fig. 1.2.

The height to which the mercury rises in the tube due to the weight of the atmosphere is the

measure of atmospheric pressure. The meteorological measurement unit of atmospheric pressure is
one-thousandth of a bar rather than the normal usage of Nm-2 [Newton per square metre] or Pa

[Pascal] in Physics. It is called the millibar [mb].

\ir prcssurc srrpporting thc rrcight of l nrt'rcury colurnrr

Fig. 1.2: A mercury barometer [the pressure of air is able to support the weight of a

column of mercury enclosed in a tube which is free of air above the mercury surfacel.

I bar : 1000 mb

I bar : 105 N m-2 : 1000 mb

I mb:100Nm-2

: 100 Pa

: t hectoPascal [hPa]

l rnb:1hPa

It is to be noted that mb [millibar] is still widely used in many meteorological services all over the

world rather than hPa. There are a few other units for pressure, such as lb in+ [pounds per square

inchl which are not discussed here.

There is high atmospheric pressure near the Earth's surface due to the great number of air
molecules squeezed by the weight of air above that surface. The standard atmospheric pressure at

sea level is taken as 1013.25 hPa or 1013.25 mb. Atmospheric pressure varies with altitude as

shown in the following Table 1.2. So with increasing altitude and less air molecules, atmospheric
pressure decreases [Fig. 1.1].
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Table 1.2
Variation of Atmospheric Pressure with Altitude

Altitude [km] Pressure [hPal

l0 265

z0 55.3

30 t2.0

40 2.8"1

50 0,798

60 0.225

70 0.0552

80 0.0104

90 0.0016

100 0.0003

Differences of atmospheric pressure at the surface of the Earth lead to the flow of air from one

location to another. A gradual change from high to low pressure indicates flow of air down the

gradient soon to be modified by the rotation of the Earth. Winds and ultimately the various
elements of the weather arise in this way.

Atmospheric Heat Budget

The average temperature of the Earth has remained approximately constant at about 15 'C during
the past century. It is therefore in a state of radiative balance, emitting the same amount of energy
as it is receiving. One way of studying atmospheric processes is to construct an energy budget.

Budgets are useful to indicate where material or energy comes from (sonrcas) and where it goes

(sinfu). The enormous :rmount of energy available to the atmosphere is very apparent during
storms. The Atmospheric Heat Budget shows where the atmospheric heat energy comes from and

where it goes.

Practically all this energy ultimately comes from the Sun in the form of the electromagnetic
spectrum [also known as electromagnetic radiation or electromagnetic waves]. A schematic
diagram of the whole electromagnetic spectrum is shown in Fig. 1.3. The Sun's surface is
extremely hot and radiates energy over a wide spectrum of wavelengths. The amount of heat
energy received from the hot interior of the Earth and from the stars is quite negligible by
comparison.

It has been estimated that approximately 99% of the Sun's radiation is contained in the wavelength
range of 0.15 p [micron: I p : 10-6 m] to 4.0 p. If the wavelength of the radiation is short, the

penetrating power of the wave is very high. Solar radiation is therefore known as short wave
radiation.

Directly beneath the Sun, the top of the atmosphere receives -20 kcal per square metre per
minute [1 cal : 4.18 joule and 1 kcal : 1000 cal : 4.18 x 103 joule]. The incoming energy is
distributed over the Earth's surface as the Earth rotates about its axis everv 24 hours.
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The atmosphere is transparent to most incident solar radiation. However, three atmospheric
processes are directly involved with solar radiation: absorption, scattering, and reflection. On
average -65% of the solar radiation is actually absorbed by the Earth's surface and atmosphere.

This is converted into heat energy and the temperature of the earth's surface and atmosphere rises.
The other 35Vo of the incident solar radiation is either reflectd or scattered [Fig. 1.4].

Despite the large amount of heat received by the Earth from the Sun, according to the historical
records, the Earth's surface temperature remains remarkably constant. Therefore, we assume that

the earth radiates back to space each year as much energy as it receives from the sun. An average
annual heat budget of the Earth, showing the major interactions with incoming solar radiation and

Ioss of heat from the Earth, is depicted in Fig. 1.4.
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Greenhouse Effect

The Greenhouse effect is a natural process occurring in the atmosphere which has been present
since time began. It is a heat trapping effect of the atmosphere which provides the Earth with a

stable climate that allows life to flourish. Without it, the Earth would be too cold to sustain life.
How this natural phenomenon works is well researched and understood.

The word greenhouse originated from a small glass house sometimes seen in mid to high latirudes
where attempts were made to cultivate plants and trees from warmer climate. As far back as

Greek and Roman times, people made structures that created an indoor environment suited to
growing plants throughout the year. With climate control, a gardener could provide fresh fruits
and vegetables when needed. Today these structures are usually made of glass or plastic but still
allow us to maintain year-round greenery and so are called greenhouses.

The idea is that the short wave radiation from the Sun goes into the house by penetrating the

transparent glass, but it does not come out after reflection from the ground or any object in there
and the heat energy is trapped inside. Because when the short wave radiation is reflected from the
ground inside the glass house, the wavelengths of reflected rays become longer and the penetrating
power is reduced, accordingly, they do not fully escape the glass house. Due to the accumulating
heat energy, inside temperature rises naturally and tropical plants can grow in a temperate or
colder region [Fig. 1.5].There are similarities in the way a greenhouse and the Earth's
atmosphere work.

Fig. 1.5: The natural greenhouse effect in the garden.

As we are aware that our planet receives energy [solar radiation] continuously from the sun. It
must get rid of this energy at the same rate by radiating it back out to space. Greenhouse gases

[Carbon Dioxide (CO), Methane (CHJ, Nitrous Oxide (NzO), Chloro-Fluoro-Carbons (CFCs),

Warer Vapour (HrO) and Chloro-Fluoro-hydrocarbons (HCFCS)I absorb some of this energy as it
is being radiated out into space. In this way, the Earth's surface has been provided with the

required regular supply of energy for life. If the concentrations of these gases increase, more heat

will be trapped causing changes to the condition of the atmosphere and consequentiy to climate. It
is being understood that these greenhouse gas concentrations are increasing and one probable

result among others, is a warming of the Earth's surface [in the lower atmosphere], resulting in

increasing temperature [global warming], climate changes and subsequently associated sea level
rises.

Concerns about the enhancement of the greenhouse effect and its likely impacts on the climate
system stem from disturbing findings by climate scientists who have studied this process over a

period of time. They have demonstrated the close correlations between the rapid build up of
concentrations of greenhouse gases in the atmosphere and the warming of the Earth's surface.

LOng-wave
earth radiation
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Rapid increases in greenhouse gas concentrations are due mainly to human activities such as:-

(1) burning of fossil fuels [oil coal and natural gas] and deforestation increase the

concentration of CO2.

(2) intensive agriculture, coal mining and rubbish dumps are major sources of methane tCH.l.

(3) industrialised products such as spray cans, air conditioners and refrigerators which use

CFCs continue to emit CFCs once discarded.

(4) Nitric Oxide and ozone levels in the lower atmosphere [not the ozone layer] are also

increasing rapidly, for reasons that are less clear at present.

Since human activities bring about this increase in greenhouse gas concentrations, human

responsibilities and actions should see to it that the trend of increase in greenhouse gas

concentrations should be reversed and, if possible, returned to safe levels.

Seasons

Most of us are aware that the Earth rotates around the Sun. The motion of the Earth relative to

the Sun is more complex than is at first apparent, however. In fact, several characteristics of the

Earth's movement in space are important determinants of life. Firstly the path or orbit that the

Earth follows as it moves around the Sun is not a simple circle. Instead it is an ellipse or a

slightly squashed circle. Secondly, in addition to orbiting around the Sun, the Earth also spins

(rotates) on its own axis making one complete rotation in a 24 hour period. Thirdly the Earth's

axis is tilted with respect to the plane in which it orbits. These three characteristics determine why

we experience night and day, why the relative length of day and night vary from place to place

and in an annual cycle why we have seasons on Earth.

As the Earth rotates on its axis, the side facing the sun is in daylight and the side away from the

Sun is in darkness [Fig. 1.6. (a)]

Fig. 1.6. (a): Schernatic diagram of the Sun and Earth for solar radiation.

If the Earth's axis was perpendicular to its orbital plane, the number of daylight hours would

always be the same for any given latitude [Fig. 1.6.(b)1.
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Fig. 1.6. (b): Idealised orientation of the Sun and Earth.

If the Earth's axis is tilted, however, as occurs in practice, the number of daylight hours varies

throughout the year for any latitude. Examples are shown in Fig. 1.7. (a) and (b):
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It is to be noted that the Earth acts as a spinning body with the angle of rotation fixed in space

rather than oriented towards the Sun. From Fig. 1.7. (a) and (b) the following can be expected:

North Pole tilted toward the Sun [South
pole away from the Sunl

South Pole tilted toward the Sun [North
Pole away from the Sunl

Northern hemisphere has summer [Southern
hemisphere has winterl

North pole has summer with 24 hours
daylight [South Pole has winter with 24 hours

darknessl

Southern hemisphere has summer [Northern
hemisphere has winterl

South Pole has summer with 24 hours
daylight [North Pole has winter with 24

hours darknessl

Note: In both cases, at the equator, day and night vary little in length and between the equator

and the poles the difference between the duration of daylight and darkness ranges from a

few seconds to 24 hours depending on the latitude and time of the year.

In fact, hours of sunshine only partly determine the amount of radiant energy received by the

Earth. Another important factor is the angle at which the Sun's rays strike the Earth. The more
atmosphere which the radiant energy must penetrate, the more energy is lost before it reaches the

Earth [for slanted rays]. The more surface that a given arnount of radiant energy strikes, the less

heat per unit area is transferred to the Earth ltbr slanted rays]. If rays of the Sun strike the Earth
at 90', they pass through the least amount of air and bring the most radiant energy to a small

surface area of the Earth. If the angle is less than 90" [i.e. slanted rays], there will be loss of
energy and the Earth will receive less heat.

If the Earth did not tilt on its axis, the Sun's rays would always strike the equator at 90" and the
poles at 0". Rays would strike other latitudes at angles ranging from 90" to 0". As the Earth
moves in its orbit around the Sun between March and June, the situation changes from:

(a) the Sun directly over the equator at noon (March) giving virtually equal

duration of day and night world wide [the term, equinox is given to this
conditionl.

(b) the Sun directly over latitude 23.5' north at noon (June) [in the northern
summer day light hours are longer than darkness hoursl.

From June to September the situation slowly returns to the equinox condition with the Sun directly
over the equator in September.

The second half of the cycle progresses to the mid-southern surrmer in December when the Sun is
directly over latitude 23.5' south. The return to the equinox condition takes place in the period
December to March.

Positions of the Earth in one solar year is illustrated in Fig. 1.8. At no time do the Sun's rays

strike the equator at less than 66.5' .

to:
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Fig. 1.8: Positions of the Earth in one solar year

The zone in which the Sun's rays strike the Earth most directly lies from 23.5' south of the

equator to 23.5" north of the equator. This zone is known as the tropics. The northern and
southern boundaries of the tropics are the latitudes called the Tropic of Cancer and the Tropic of
Capricorn respectively. Temperate zones which never experience perpendicular solar radiation, lie
between 23.5' and 66.5" latitude both north and south. Frigid zones which may experience long
periods with no solar radiation at all and in the alternate season no day-light at all for part of the
year, lie from 66.5' latitude to 90' at the poles [See Fig. 1.9].

Although polar regions enjoy 24 hours of daylight for part of the year, they nevertheless remain
cold because the rays of the Sun strike the region at such oblique angles. Furthermore, the ice
cover tends to reflect much of the heat received during the summer season. Heat is lost
continuously during the long period of darkness.
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Figure 1.9: Different zones on the Earth surface.

t4



Module One The Atmosphere

Conclusions

The atmosphere may be considered to be a huge thermodynamic engine, with the thermal energy,

that drives this engine, received frorn the Sun's radiation which is absorbed in the atmosphere and

at the ground. As a very rough approximation, we may consider the region about the equator as a

primary fteat source and that about the poles as a cold source [heat sink]. The difference between

the heat absorbed at the heat source and that given up at the cold source fteat sinkl is converted

into work. It appears as the kinetic energy of a wind system which on a non-rotating Earth blows

to the north aloft and to the south near the ground. Unless brakes of some kind are applied, the

winds must constantly increase in speed. In reality, this is not the case due to the existence of
friction between the winds and the ground or sea. Actually, atmospheric processes are far more

complicated than we have outlined here although the heat-engine concept is still valid as a

background tendency.

It will be of interest to see what happens to the energy received from the Sun. It is important to

acknowledge that human activities release nearly a billion tons of pollutants into the Earth's

atmosphere every year. Some pollutants may lead to more absorption of incoming radiation [i.e'
global coolingl. However, greenhouse-type pollutants will lead to global warming.

Demonstrations and Questions

Activity 1: Outgassing!

Objective

The objective is to demonstrate the concept of outgassing and to explain the origins of the Earth's

atmosphere.

Materials

* two effervescent antacid tablets
* air tight jar [approxirnately 0.5 litre]
* cold water
* paper towels or other absorbent material for spills

Important Points to Understand

$ Earth's atmosphere has evolved over time and continues to evolve today.

$ Earth's atmosphere was outgassed from its interior [i'e. including solids]'

g Gas dissolved in magma within Earth is released to the atmosphere when the magma rises to the

surface due to decreases in pressure.

l5
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Preparation

Before the demonstration, ask students how the Earth's atmosphere was formed and where its

constiruent gases came from. Inquire if Earth's atmosphere can change or if it has always been as

it is today. Questions along these lines can help the teacher tailor this demonstration to address

misconceptions and confirm accurate ideas (such as the dynamic narure of the atmosphere).

The day before the demonstration, fill the jar(s) three-quarters full with cold water, the colder the

better. Drop the two antacid tablets in the water and immediately seal the jar. Allow the water to
warm to room temperature overnight. If enough jars and antacid tablets are available, one jar can

be prepared for each student or group of students rather than just one for the teacher. Be sure to

try this demonstration on your own before demonstrating it for the class. The results can be

messy!

I'rocedure

(1) After gaining the students' attention, ask them to describe the contents of the jar and the

conditions within the jar. Bring the jar close to them so that they can observe it carefully.

Have students write down a prediction for what they think will happen when you open the
jar.

Open the jar and have the students write down what they observe. Caution: Opening the
jar can produce the same results as opening a warm can of soda pop. Teacher and students

should be wearing safety goggles. Hold the jar away from your clothes. If the activity is
being performed at each student's desk there should be something underneath the jar to
catch or absorb any water that may spill.

Ask srudents what conditions within the jar changed when the lid was released.

Continue with a discussion of how this demonstration models the outgassing of the
atmosphere.

(2)

(3)

(4)

(s)
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Activity 2: Air Density and Temperature

Objective

The objective of this activity is to investigate the effect of temperature on the density of air.

Materials

For each group of students:

* balloon
+ empty 375 ml or 750 ml glass soft drink bottle
* bucket of ice water
* bucket of hot water
* safety goggles for everyone

Important Points to Understand

Density is defined as follows and expressed in kg m3 generally:

Density = m
As the temperature of a given mass of air increases, its volume increases [i.e. thermal
expansionl and its density decreases. As the temperature of a given mass of air decreases,

its volume decreases and its density increases.

Less dense air rises relative to surrounding air. More dense air sinks relative to
surrounding air.

Preparation

Aside from securing sources of hot and cold water, no special preparations are required for this
activity. However, to be safe, everyone involved shoulcl wear safery goggles during this activiry. It
is not essential that the bottle be of the volume specified in the Materials List. Smaller and larger
bottles will also work. What is important is the size of the opening. It must be small enough for
the balloon to be placed over it. Plastic bottles should not be used, however, as they can deform
under sudden temperature changes, perhaps confusing students and reducing the response of the

balloon.

Procedure

Trial I

Place the uncovered bottle in the bucket of hot water for three minutes. Do not submerge
the bottle or allow water to get into the bottle. You will probably have to hold it in place

to keep it upright.

Place the balloon over the mouth of the bottle. You have now isolated a mass of air. It is

(1)

(2)
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important to remember throughout this trial that the amount, or mass of air will
constant. In the table marked "Trial I Predictions" suggest what will happen

balloon when the bottle is placed in a bucket of ice water. Explain your prediction.

(3) Before you continue, note that there is a small chance the bottle may break when placed in
the ice water. Everyone should be wearing safety goggles. Place the bottle in the bucket of
ice water. In the table marked "Trial I Explanation", describe what happens.
Remembering that the mass of the air has remained constant, explain what has changed.

remaln
to the

(3)

Trial2

(1)

(2\

(2)

(3)

(4)

(5)

Take the balloon off the bottle and place the bottle back in the bucket of ice water for
three minutes. Do not submerge the bottle or allow water to enter it.

Place the balloon over the mouth of the bottle. As in Trial 1, you have isolated a mass of
air. Again, it is important to remember throughout this rial that the amount, or mass, of
air will remain constant. In the table marked "Trial 2 Prediction", suggest what will
happen to the balloon when the bottle is placed in a bucket of hot water. Explain your
prediction.

As with Trial l, there is a small chance that the bottle may break when placed in the hot
water. Everyone should be wearing safery goggles. In the table marked 'Trial 2
Explanation", describe what happens when the bottle is placed in the hot water.
Remembering that the mass of the air has remained constant, explain what has changed.

Trial Prediction Explanation

2

Questions

(1) What are the two characteristics (or variables) of air that are being
activity? State the relationship between these two characteristics,

As air is heated, what happens to its density? In other words, did the
move closer together or farther apart?

changed in this

molecules of air

As air is cooled, what happens to its density? In other words, did the molecules of air
move closer together or farther apart?

In the atmosphere, what would you expect to happen to air that is warmed? or cooled?

Based on your observations and your answers to these questions, do you think it would be

best to place a warm-air vent near the floor or the ceiling of a room? Where would you
place an air conditioning vent lnot reverse cycleJ? Explain your answers.

18
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Activity 3: Air Pressure

Objective

The objective of this activity is to investigate the effects of atmospheric pressure.

Materials

Each group will need:

* sturdy paper cup
* index card
* straight pin
* water
x sink or catch tray

Important Points to Understand

g Air has weight and exerts pressure on everything with which it comes in contact.

g The force exerted on a surface by air is equal to the weight of a column of air above the

surface extending to the top of the atmosphere.

$ Air pressure is exerted equally in all directions

Preparation

No special preparations are required for this activity. Teachers may need to assist students who

have trouble getting the activity to work. It is important that students work carefully and slowly.

A break in the seal between the cup and card allows air into the cup, causing the water to fall.

(Note: [f students have trouble getting a seal between the cup and the index card, have them fill
the cup completely with water and moisten the card slightly before placing it on the cup.)

Procedure

Trial 1

(2)

Trial2

(l)

Working over a sink or a catch basin, fill a cup to the rim with water. In the box marked

"Trial t Prediction", suggest what will happen when you turn the cup over. Explain your

prediction.

Turn the Cup over. What haPPened?

Fill the Cup again. Cover it with the index card, and make sure that you have created a

water seal around the rim of the cup, so no air can seep in. In the box marked "Trial 2

Prediction", suggest what will happen when you turn the cup over with the index card

(1)
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(2)

covering it. Explain your prediction.

While holding the index card on top of the cup, carefully turn the cup over. Hold the cup

around the rim at the bottom so that the cup is not deformed (bent) and remove the hand

holding the card. What happened?

Forre
of oir

Fe5src

Trial i

(l) Using the straight pin, carefully make a hole in the

Write down your prediction first before you try.

(2) Record your observations.

bottom of the cup and remove the pin.

(weight)

Trial Prediction Observation

2

a

Questions

(1)

(2)

In Trial l, what caused the water to fall out of the cup?

In Trial 2, what held the index card to the cup? What prevented the water from falling out

of the cup, as it had done in Trial l?

Explain why the water and the index card fell from the cup in Trial 3 of the activity.

Based on your observations, in which direction(s) is air pressure being exerted? Draw a

picture representing your explanation and explain the phenomenon of air pressure in your
own words.

Try to explain why we usually do not feel the pressure of the atmosphere around us.

When do we feel air pressure?

(3)

(4)

(5)
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Activity 4: Winds

Objective

The objective of this activity is to investigate how pressure differences create wind.

Materials

* balloon (long balloons or round ones)
* bicycle pump to blow up the balloons [or blow it up yourselfl

Important Points to Understand

$ Wind results from pressure gradients, i.e. pressure differences from place to place.

$ Air generally moves from an area of high pressure to an area of low pressure. [Over large

distances, Earth's rotation deflects these winds to their right in the northern hemisphere

and to their teft in the southern hemisphere. This is known as the Coriolis ffict. This

effect has zero value at the equator at all.l

$ Wind continues until air pressure is equalised'

Preparation

Students often have misconceptions about wind and where it comes from. Before the lesson

begins, discuss wind with your class. The main point of the discussion is to reveal students' ideas

of-winO and its origins. Be sure that all materials are either centrally located or already distributed

to the student groups.

Procedure

(1) Blow up the balloons by pump or mouth

(Z) Do not tie it.

(3) By holding the blown-up balloon in one hand and release the air very slowly.

(4) As the air is released, the students can observe that air is moving out of the balloon by

holding the other hand next to the opening. The force of the air on their hand is evidence

that rhe air is escaping. In addition, the air escaping the balloon feels like wind.

(5) Repeat the process a few more times with different sized balloons, record your

observations each time.

Questions

Describe what happened to the air in the balloon when it was released. Why did this

happen? Did you find any difference if the balloon was bigger? Why?
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Activity 5: Why Hotter at the Equator?

Objcctive

The objective of this activity is to investigate the different heating effects of sunlight.

l\{aterials

* 3 identical Celsius thermometers (glass or metal backed)
x reflector lamp with clamp and 60 watt light
* ring stand with iron ring
* utility clamp
t black construction paper (one sheet per group of students)
* stapler
t several books to prop thermometers
+ metre rule
* scissors
* graph paper, small ruler and pencil

Inrportanl Poirrts to Understand

$ Slanted light does not heat objects as quickly as direct light.

$ Because Earth is nearly round, the equator receives direct light, and the poles receive
slanted light, with a gradation in between.

$ Due to the differential heating of Earth's surface, it is always warmer at the equator than
at the poles.

Preparation

Be sure that all materials are either centrally located or already distributed to student groups. The
teacher may do as much or as linle preparation of materials (setting up lamps, covering
thermometers) as is desired. The more preparation done ahead of time, the less time will be

required tbr the activity, but the need for students to learn to use laboratory equipment should be

considered. Use alcohol-filled thermometers for this activity, and urge students to use caution to
avoid breaking the fragile thermometers and burning themselves on the lamp. Having a globe on
hand may aid your discussion.

Procedure

(l) Use black construction paper to make a cover for the bulb of each thermometer as shown

in Figure (a). Cut a strip of black construction paper 5 cm x l0 cm. Fold the paper and

staple four times. Insert the thermometer. Make three covers.

(2) Prop the thermometers as shown in Figure (b). One thermometer should be vertical (A),
one slanted at about a 45" angle (B), and one horizontal (C). Make sure you can easily
read the scales without touching them during the experiment.
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(3) Attach the lamp to a ring stand, being sure it will not move
Adjust the lamp on the stand so that the light globe is centred
the thermometers.

during your experiment.
l0 cm above the bulbs of

staples

Figure (a)

(4)

Figure (b)

Before turning on the lamp, record the temperature of all three thermometers in the Data

Table under the "0 rninutes" column.

Turn on the lamp and record temperatures for each thermometer every 3 minutes for 15

minutes. Do not move the thermometers when reading the temperatures. Record all

temperatures in the Data Table.

Using tlre graph paper, make a graph of tenrperature versus time for each thermometer.
To make comparison easier, plot the results for all three on the same graph paper, with

different lines (solid vs dashed) to show the results from each thermometer.

(5)

(6)
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Time [minl 0 3 6 9 t2 l5 Total Temp Change

Thermometer: A

Thermometer: B

Thermometer: C

Questions

(l) Which thermometer showed the greatest temperature increase? Why?

(2)

(3)

(4)

Which thermometer(s) best represents the way sunlight strikes the equator? the poles?

What parts of the globe would the third thermometer represent?

Using what you learned in this activity and the illustration in Figure. 1.6 (a), how can you

explain the fact that the equator is always hotter than the poles?

If you were given a data table that listed the average yearly temperatures for cities as you
go away from the equator, do you think you would see a trend in the temperatures? If so,

what should this trend be and why would it exist?
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Overview

Weather refers to short-term changes in atmospheric conditions such as temperature, rainfall,
cloud coverage, humidity, wind speed and wind direction. It is measured by instruments such as

Six's thermometer (temperature), a direct-reading rain gauge (rainfall), a wet and dry bulb
thermometer (humidity), a barometer (atmospheric pressure) and a wind vane (wind direction).
Wind speed can be measured by anemometer or estimated by observation, using the Beaufort
Scale.

Climate refers to weather patterns taken over a long period of time, such as a year, or preferably
several years. Its different elements, such as temperature, rainfall and wind, vary in both space

and time. Temperarure varies over the Earth's surface according to the amount of solar radiation
received, the altitude, the distance from the sea, the cloud cover and the type of surface. Rainfall
varies over the Earth's surface according to altitude, nearness to the Inter-Tropical Convergence
Zone and nearness to the Polar Front. Winds vary over the Earth following the pattern set by the
atmospheric circulation. Climate can be thought of as a machine that is driven by solar energy and
other factors, mainly those responsible for pollutants, such as volcanic eruptions and human
activities. As these factors change with time, so does the climate.

Aims of the Module

To enable srudents to understand the difference befween weather and climate, and the way
in which weather and climate data are obtained.

To enable srudents to appreciate how climate varies over the face of the Earth, and to be
aware of the principal reasons for variations in temperature and rainfall.

To enable students to understand that climate can change over time, and that the reasons

for this are both natural and human activities.

Objectives

Rnowledge and Understanding:

At the end of this module the students should be able to:

(l)

(2)

(3)

- demonstrate basic knowledge of simple weather instruments and how they work.
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- set up their own weather instruments and learn how to operate and record data from
them.

- express their understanding of the principal reasons why temperature, rainfall and winds
vary over the Earth's surface, and to be able to apply this understanding to their own
island environments in the Pacific region.

- appreciate the difference between weather and climate

- describe their understanding that climate is affbcted not only by variations in narural
factors such as solar radiation and volcanic activity, but also by human activities such as

deforestation and the burning of coal and oil.

Knowledge Base

Introduction

Weather and climate are very complex and we still do not fully understand everything that affects
them. Generally and particularly in the case of the Pacific islands, weather changes little from day
to day. Climate has to be considered at globally since it depends on the joint behaviour of the

world's atmosphere and oceans, snow and ice-cover, the state of the land surface and vegetation.
All of these factors are complicated and each one affects the others. Accordingly, it is
unpredictable. For example, the date of 2 June 1952 was selected for the coronation of Queen
Elizabeth II because British Meteorologists said it was the most consistently sunny day in the
calendar. However, the weather is no respecter of Royalty and, of course, it rained.

Weather

Weather refers to short-term changes in atmospheric conditions or elements. Here, short-term
means that the changes taking place over a matter of seconds, minutes or hours, or from day to
day. It is a term that denotes the state of the atmosphere at a given time and place. Changes in the
weather are continuous and sometimes erratic.

Acted on by the combined effects of the Earth's motions and energy from the Sun, our planet's
formless and invisible envelope of air reacts by producing an infinite variety of weather. In the
days of Aristotle, air was believed to be one of four fundamental substances that could not be
further subdivided into constituent components [the other three substances were fire, earth (soil)
and waterl. Although this view of environmental physics left much to be desired, nevertheless the
clothes we wear and the activities we engage in are strongly influenced by the weather [action of
airl. Also the nature of weather is expressed in terms of the same basic elements, which are focus
of the meteorologist's measuring routine. The most important are (i) the temperature of the air,
(ii) the type and amount of precipitation, (iii) the humidity of the air, (iv) the speed and direction
of the wind, (v) the pressure exerted by the air, (vi) the type and amount of cloudiness and (vii)
the duration of sunshine.

The main atmospheric conditions [atmospheric elements] are set out in the following Table 2.1,
together with the instruments commonly used to measure them in a simple way. It is to be noted
that the more sophisticated instruments are not mentioned here and readers are requested to refer
to higher level text books for such information.
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Module Two Weather and Climate

Atmospheric Condition

(a) Maximum and minimum thermometers

(b) Six's thermometer

(a) Ordinary rain gauge [for manual reading]
(b) Pluviometer

Amount of precipitation falling [as rain,

snow or hail, etc.l

(a) Wet and dry bulb thermometer

O) Sling psychrometer
Humidity [how much water vapour the

local air is holdingl

(a) Anemometer
(b) By eye and personal estimate, using the

Beaufon Scale

Wind strength or wind sPeed

(a) Mercury barometer

O) Aneroid barometer
Atmospheric pressure

Amount of sky covered in cloud

By eye using apProPriate chart

Hours of direct sunshine

Measuring Air Temperature

An easy way to measure the air temperature is to use six's thermometer [Fig. 2.1]- This contains

two liq;ids, alcohol and mercury. After the sun rises in the morning, the air temperature generally

rises, so causing the alcohol in the left-hand limb to expand. It pushes the mercury down this limb

and up the righi-hand limb. Sining on rop of the mercury is a small metal index, which is pushed

up as the meicury rises. After the highest (maximum) temperature during the day is reached, the

aicohol contracts again, and the mercury level falls, leaving behind the index. The maximum

temperature is read from the bottom of the index. As the temperature falls, the mercury level rises

up tttr left-hand limb, so pushing up another rnetal index that has been placed there. The

minimum temperature is read from the bottom of this left-hand index. To ascertain the average

temperature for the day, the maximum and minimum temperatures are added together and divided

by two.

A point to be remembered is that Six's thermometer is not

widely accepted as a suitable instrument for official
meteorological stations since it can develop serious etrors.
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Measuring Rainfall

Rainfall is measured by a rain gauge, which collects the total rainfall in a 24 hour period. An
example of simple rain gauge very similar to the direct rainfall gauge used by schools in the

SPaRCE programme [Schools of the Pacific Rainfall Climate Experiment] is shown in Fig. 2.2.
Rain falls through the funnel into the measuring cylinder and can be read directly in millimetres.
If the rain is very heavy, the measuring cylinder will fill up and water will then collect in the

overflow tube. The rain gauge should be read at the same time each day.

If the diameter of the open funnel is different to
the measuring cylinder, an appropriate scaling
factor will need to be applied. It is common for the
measuring cylinder to be of smaller diameter, so
allowing greater accuracy (fine resolution) of
measurements. The gauge should be mounted at
ground level and clear from trees and buildings
[i.e. should have an open exposure].

Fig. 2.7: A simple Rain Gauge.

If we want to compare your results with those of the weather services, we need to make the
following calculations. First, it is to measure the diameter of the funnel and of the jar and to use

the following simple formula.

Height of water tnside the jar (mm) x fdiameter of jar (mm)fz

fdiameter of funnel (mm)12

For example, if we measured 10 mm of water in the jar, the jar was 20 mm in diameter and the

funnel was 100 mm in diameter. we will have the followins result.

lOmmx20mmx2Omm
= 0.4 mm

IOO mm x l0O mm

If the direct rainfall gauge is used, the above calculation is not necessary to compare with the

results from the local weather services.

Measuring Humidity

The wet and dry bulb hygrometer [Fig. 2.3] consists of two thermometers, called the wet bulb and

the dry bulb. Around the wet bulb is a piece of wet cloth, from which the water is evaporating.
This evaporation causes the wet bulb to cool, and so the wet bulb temperature is always lower
than the dry bulb.

The wet bulb is therefore completely wet at all times. The dry bulb is partially wet from the
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humidity in the atmosphere. The degree of atmospheric humidity is ascertained from the
difference in the temperatures of the two bulbs.

To take a humidity reading, the procedure is as follows: You simply record the temperatures of
the wet and the dry bulbs. Then subtract the wet bulb temperature from the dry bulb temperature

to get the wet bulb depression. Then, use special humidity tables to determine the relative
humidity [table 2.21.

wer Bulb Dry Bulb

Fig. 2.3: Wet & Dry bulb hygrometer.
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Table 2.2 Relative humidity table [relative humidity is detennined from the dry bulb
temperature compared with the depression of the wet bulb.
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Module Two Weather and Climate

Estimating Wind Speed

Observations of wind speed can be rnade by using the Beaufort Scale [Table 2.3]. This classifies

winds into t3 categories, based upon simple effects which they produce on land and sea. Thus,

Category 1 [Beaufort Number l] is Light air, which has a speed of 1-5 km per hour, causes

ripples like lsft scales at sea. Category 12 fBeaufort Number 12] is of Hurricane force, which has

a speed of over 120 km per hour and causes enormous violence and destruction.

Measuring Wind Direction

Wind direction is measured by a wind vane, which consists of a rotating metal arrow that pivots
on a vertical shaft. The arrow head points to the direction from which the wind blows, and the

wind is named after this direction. In the diagram [Fig. 2.4]. the wind is coming from the south

east and it is called south-easterly wind.

Both graphical and digital means of recording wind speed and wind direction are easily available

in modern professional instrumentation.

Table 2.3: The Beaufort Wind Scale

Beaufort
Number

Wind Speed

lkm hrl
Descriptio
n of Wind

General Condition Condition of Sea 
I

l

Wave
Height [m]

0 <l calm smoke rises venicallv smooth as mirror 0

I l-5 light atr direction of wind shown by

smoke drift
ripple with appearance of

scales

0.15

z 6-l 1 light breeze wind felt on face, leaves

rustle

small wavelets, glassy

crests

U.J

J t2:20 gentle

breeze

leaves in motion, wind
extends light flag

large rvavelets, glassy

foanr [not yet whitel
0.6

A 2t-29 moderate

breeze

raises dus!. small branches

move

waves longer, many white
areas

1.6

5 30-39 fresh

breeze

small trees begin to sway waves pronounced. white
tbam crests

3.1

6 40-50 strong
hreeze

large branches in motion,
difficult to use umbrellas

larger waves, white foam
crests all over

/1

5t-61 moderate
gate

whole trees in motion.
inconvenient to walk

sea heaps up and white
foam t'rom breakins waves

6.2

8 62-74 fiesh gale breaks twiss off trees moderately high waves 7.8

9 75-87 strong gale slight structural damage

0ccurs

high waves, sea begins to
roll

9.3

l0 88-10r storm trees uprooted,

considerable damase

very high waves. rolling
of sea is heavy

r0.8

ll 102-120 violent
storm

widespread damage extremely high waves,

ships in hidden in troughs

*

t2 > 120 Hurricane serious damage sea covered with white
streaky foam
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Wind Vane

Fig. 2.4: Wind vane

Climate

Climate refers to the long-term changes in atmospheric conditions including temperature, rainfall,

wind, humidity, pressure and cloudiness. One would need to take into account the fact that

superimposed on the arithmetical average of these parameters, there is generally experienced a

,"rronuf oscillation, perhaps more noticeable in the higher latitudes. It is therefore necessary to

take the seasonal patterns as a unit of measurement and to consider climate to be represented by

the long{erm average of the seasonal cycle over a number of years.

In reality, the meteorological conditions do not remain stable over long periods and they are

forever "*lititiog 
fluctuaiions and disturbances about the seasonal cycle in time scales of hours

and days. It is helpful to consider these short-term changes as Weather.

Wlrile acknowledging the presence of the seasonal cycle, Weather might be described as the

discrepancies of itmospheric conditions from the expected seasonal situation. In similar terms

Climale might be described as the long-term statistical average of the seasonal cycles.

However, should long-term patterns of those discrepancies be verified, there is then implied a

trend, or a change in ilimate. This might take the form of a gradual drift in temperature such as is

envisaged in response to global warming in a greenhouse scenario. Alternatively, the trend might

take the form of an increase in the incidence of severe weather, as for example in the frequency of

occurrence of tropical cyclones. This also is a condition which rnight be associated by some as an

indicator of global warming.

In its most simple form, one might claim that:-

I Climate is what can be expected

I Weather is what is actunlly experienced

and

I Ctimate Change is represented by a long+erm trend in either case.

The longer the time scale, the greater is the need to broaden the spatial scale of interest. Since

there is more likelihood of complex large scale interactions of the world's atmosphere and ocean,

snow and ice cover, the state of the land surface and its vegetation.

33
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In order to focus upon the case of the Pacific islands, as an example. Table 2.4 shows the weather
conditions [temperature, rainfall and wind direction] on four consecutive days in Port Vila,
Vanuatu:

The climate of Port Vila is described as hot and wet, with prevailing winds from the South East,
and occasional tropical cyclones.

Although the above may be a fair description of Port Vila's climate, Table 2.4 demonstrates that
this may not be determined in the short term since the background conditions are observed by the
vagaries of weather.

In the Pacific, many islands experience a hot, wet season, and a cooler, drier season, but there are
many short-term departures from these general theme.

Different Climates

The Earth's climate varies from place to place. Locations near the Equator tend to be constantly
hot and wet, such as the Pacific islands, and the Amazon Basins. Some places near the North and

South Poles, such as Antarctica and Greenland, are extremely cold and dry.

Antourtt of Solar Radiaion

The main cause of the variation of temperature is the amount of solar energy that is received

[Module One, Seasons]. In general, in higher latitudes further away from the Equator, less solar
radiation is received, and the lower the temperature experienced.

On a global scale, the amount of energy received from the Sun is much greater in the Southern
Hemisphere during December and January each year, and much less during June and July. In the

Northern Hemisphere, radiation is greater during June and July and less during December and

January.

Altitude

The altitude (height) of a place also affects the temperature. As shown already in Module One, the

ground receives solar radiation and then heats the air above it by long-wave radiation, conduction
and convection. So the closer to the Earth's surface, the warmer the temperature of the air. Fig.
2.5 shows that temperature decreases with height in the troposphere, at a rate of 6.5' C for every
1000 metres. This is why glaciers can be found in Papua New Guinea, although it is very close to
the Equator.

Table 2.4

Date Average Daily Temperature Total Daily Rainfall Wind Direction at Noon

2l March 96 28.5'C Nil East

22 March 96 26.5' C 30 mm North West

23 March 96 27.0', C 4mm North

24 March 96 29.0' C Nil South East

34



Module Two Weather and Climate

5000 m

0'c

Fig. 2.5: Schematic diagram of temperature changes with altitude.

Distance from the Sea

The distance from the sea affects the temperature. Land has a lower specific heat capacity [i.e.
amount of heat energy, required to raise the temperature of a unit mass by 1 'C] than water: it
heats up more guickly during the day than the sea, and loses its heat more quickly at night.
During the summer season, the interior of a large island or land mass becomes much hotter than

coastal areas, which are kept cooler by the sea [Fig. 2.6]. During the winter season, areas that are

inland get cooler than those close to the sea during the day and vice versa at night. Because most

Pacific islands are very small, the temperatures during suntmer [December and January] are not as

hot as those in the middle of Australia, which is further south, but a long way from the sea.
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Cloud Cover

Cloud cover affects temperaftre [slightly more detail of cloud is explained in the following section

of this Modulel. Thick cloud reflects incoming solar radiation by day and also prevents much of
the long-wave ground radiation (by night) from leaving the lower layers of the troposphere. So

cloudy conditions cause lower temperarures by day and higher temperatures by night.
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Type of Ground Surface

The type of surface also affects the ternperature. Areas that are covered in ice and snow reflect
almost all of the incoming solar radiation, and cannot benefit to the same degree as darker
surfaces. Sandy beaches may reflect up to half of all the solar energy received, particularly if they
are composed of white sand. In contrast, dark surfaces such as forests will absorb most of the
incoming radiation, and temperatures above them will be higher than over light-coloured surfaces.
As one may be aware that the white cars are more heat tolerant.

Cloud and Rain

Water vapour [HrO] is an invisible gas that is always present in the troposphere. However, the
amount of water vapour which the air can hold depends directly on the temperature. Warm air can
hold much more water vapour than cold air. Consequently, if warm air containing a lot of water
vapour rises up into the atmosphere, where it is cooled, it is forced to release all of the water
vapour that it cannot hold in the form of gas. This is called condensation.

As the water vapour in the atmosphere changes its state, water droplets and ice particles are

formed. Then they become visible as little droplets of water, which we call cloud. Clouds are

continuously in the process of evolving in the atmosphere. Sometimes we see white clouds high in
the sky, sometimes low grey or dark clouds cover large parts of the heavens. Our weather
depends greatly on the types of clouds which form in the sky.

If more and more air rises up and is cooled, then more and more drops of water appear in the air,
and eventually the drops join together and become too heavy to remain in the atmosphere. They
fall down as rain. In fact, cloud droplets are extremely small, about 0.01 mm in diameter. This
implies that it would be possible to fit approximately 5 cloud droplets on the end of a human hair.
A typical raindrop is of the order of 2 mm in diameter. The growth of cloud droplets by
condensation is slow, and even under ideal conditions, it would take several days for a typical
cloud droplet to grow large enough to fall as a rain drop. Yet observations show that cloud can

form and begin to produce rain in less than an hour. Thus, there must be some other processes

which cloud droplets can grow large and heavy enough to fall as precipitation. Although the
details of how rain is produced are not fully understood, rainfall occurs whenever air is being
cooled down, by being made to rise up.

l\Iountain Barrier

Mountains on islands and continents play an important role in the manner in which they affect
near-surface winds [movement of air]. As surface winds blow across mountains, they are forced
upward. Since warm moist air comes in from the sea, and rises up a mountain, the air cools,
water vapour condenses to form clouds and droplets coalesce to fall as rain on the windward side

lFig2.7l. Thus, there is an area of heavy precipitation on the windward side of a mountain.

The winds continue over the mountain, and they descend the other side of the mountain. In so
doing, they are warmed as they descend, so that no condensation or rainfall occurs, and the

climate is dry because the warmer air has no problem in carrying the residual water vapour. This
side of the mountain (the leeward side) is known as a rain shadow.

The pattern can be seen on many large islands of the South Pacific region which lie in the path of
the persistent South East Trades.
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Mountain lreward

;s

6.

Fig.2.7: Schematic diagranr of wind patterns over a mountain,

Temperature of the Surface

When the ground or sea surface is very hot, then the heat is transferred to the overlying air which
rises naturally. This is very conrmon in summer in the Pacific region. There is also a zone of
continually rising hot air along the Equator where the SE Trades and NE Trades meet, and this

produces dense clouds and heavy rain. This is known as the Inter-Tropical Convergence hne
IITCZI shown in Fig. 2.8.

200

200

140E 1900 140W

Pacific Convergence ZoneFig. 2.8: lnter-tropical Convergence Zone UTCZ) and South

ISPCZ] based upon January surface winds in the Pacific region.

Cold and Warm Air

The forward edge of a moving cold air mass is known as a cold front. Similarly, the forward edge

of a warm air mass is called a warm front, Weather forecasters predict local weather changes on
the basis of the movement of cold and warm fronts which can now be readily tracked by satellite
imaging. From time to time, cold and warm air meet along afront and thunderstorms follow [cold

N.E. Trade Winds
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damp air passing over a hot surface also creates thunderstorms without the presence of a warm

frontl. When winds from two different areas meet together, the warmer air is less dense and rises
up above the cooler air. This happens around latitudes 60' north and south of the Equator, where
air from the polar regions meets air from the tropics.

Winds and Atmospheric Circulatiorr

Wind can be generally defined as moving air usually in response to a pressure gradient. Variations
in temperature and pressure provide the means to drive the winds of the world. If all points on
our planet were at exactly the same temperarure and pressure then we would have no wind. Air
always moves from an area of high atmospheric pressure to an area of low atmospheric pressure.

The easiest example to understand is that of Sea Breeze and Land Breeze [Fig. 2.9].

Near the coast an on-shore wind frequently sets in during the late morning, rises to a maximum in
the early afternoon and then dies down in the evening. The strength of breeze is greater on warm
days, but may be weaker under cloudy conditions. It is called a Sea Breeze.

The basic cause of the air flow lies in the different rate of heating of the land and sea surfaces
when exposed to solar radiation. As we know that land and water do not absorb energy in the

same way. They heat and cool at different rates. Water takes longer to heat up than the land.

Even though the same amount of sunlight hits both the land and water, the land becomes hot much
faster than the water. The water does not cool as fast as the land areas.

During the day, the land becomes warmer than the sea. The warm air rises and air pressure

becomes lower over the land than over the sea. Air then blows from sea to land as a Sea Breeze.
Meanwhile warm air tends to descend on cooling over the sea.

The reverse system operates at night. In coastal regions at night, Land Breezes may develop. In
general land breezes are not as strong as sea breezes. They are developed more markedly in
tropical regions, where they may sometimes force moist unstable air to rise over the sea, leading

to thunderstorms off the coast towards dawn.

During the night, the land cools more quickly than the sea. Higher pressure therefore develops

over the land. Air blows from land to sea as a Land Breeze, and rises over the sea on warming.

Fig. 2.9: Sea breeze and Land breeze.

On a global scale, there is a circulation of the air in the lower troposphere. Let us first look at an

idealised Earth that is not spinning or tilted over on its axis, and try to understand what form the

general circulation of the atmosphere would take. We have already noted that the equatorial
regions of the world receive more solar energy than the polar regions. The warm air from the

equatorial region will rise and spread out towards higher latirudes. As the air rises and spreads, it
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cools. When the air reaches the polar regions, it has cooled enough so that it sinks. The region
where air is rising tends to result in a low pressure area, and the region where air is sinking is
generally a relatively higher pressure. At the surface, air will move from an area of higher
pressure to an area of lower pressure. That is, at the surface air will move from the poles towards
the equator, but in the upper part of the atrnosphere the movement is from equator towards the

poles [Fig. 2.10 (a)]. This type of circulation has the name Hadley Cel/ circulation.

However, when we look at the winds of the world, we also have to remember that the Earth is a

spinning planet. This spin results in an apparent deflection of the winds. This is known as the
Coriolis Effect. Because of the Coriolis effect, winds in the Southern hemisphere curve to the left
and winds in the Northern hemisphere curve to the right. Although the wind system is very
complex, one can briefly say that the spin also breaks the wind system down into a series of
bands, so that instead of a large Hadley Cell in each hemisphere, there are now several cells in
each hemisphere [Fig. 2.10 (b)1.

In short, air rises at the Equator because it is hot and less dense. This air moves outwards and

sinks down at approximately 30' north and south of the Equator. Some of this air moves back to
the surface as the Trade Winds, while the rest moves towards the Poles as the Westerlies.

Meanwhile. the cold air at the Poles sinks downwards and moves outwards as the Polar winds,
which meet the Westerlies along the Polar Front [approximately 60' north and south of the

Equator].
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Fig.2.l0 (a) Air movement on idealised Earth fieft] and (b): Air movement on rotating
Earth [right].

Note that Fig. 2.10 (b) refers to the Earth in its March and September positions, and it assumes

that the whole Earth is covered in water. In reality, the land masses change the pattern of wind
circulation in some places. It will be clear from Fig. 2.10 (b) that there are three major rain belts

on the Earth.

Fig. 2.10 (c) shows a cross section from the Equator to the Pole, showing wind circulation and

two zones at 60' latitude and equator where air rises. A noteworthy point here is, throughout the

world, 30' latitude [Subtropical High] is associated with the major deserts [e.g. Australia, Africa,
China, etc.l.
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Fig. 2.10 (c): Cross-sectional view of wind circulation.

Although we know that the winds of the world do follow this type of general pattern, this is still
an idealised situation. The actual winds in any given place depend on many factors. Large land

masses, in particular affect local wind pattern. These patterns also shift somewhat in latitude as

the Earth orbits the sun. However, over large expanses of ocean, these patterns are fairly
consistent.

Climate Variation with Time

Climate has not displayed present patterns throughout Earth's history and it is likely to continue to

change. Climate can be thought of as a machine that is driven by solar energy, but it is also

affected by many other factors such as:

I Changes in the amount of solar radiation

O Changes occurring in the oceans, such as the salinity and density of water in the

oceans, their shape, etc.

t Changes in land features, such as the amount of land ice in glaciers, etc, the type of
vegetation present, etc.

t Changes in the atmospheric composition, such as the amount of carbon dioxide which
is present, or the amount of sulphur dioxide and dust which is injected into the atmosphere
by volcanos.

Some examples of changes in climate brought about by the above factors can be summarised as

follows:

O Changes in the amount of energy emitted by the Sun: For example, during the early
1980s, the solar output decreased by about 0.1% over an 18 month period.

O Violent volcanic eruptions: For example, the eruption of Mt. Pinatubo in the

Philippines in 1991 sent so much sulphur into the stratosphere that the Earth's global
temperarure decreased by about 0.5" C in 1992.

t Human activities: For example, the increased burning of coal and oil since the

Industrial Revolution started in the 1800s has caused an increase in atmospheric carbon
dioxide from about 280 ppm [parts per million] in 1750 to 350 ppm today. The carbon

dioxide absorbs more of the out-going long-wave radiation from the Earth and re-radiates
it back into the troposphere, so causing an increase in temperature [global warming].
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Conclusions

Weather and climate are very complex and it is difficult to understand all the interactions
concerned. Weather includes the day-to-day changes in wind, temperature, humidity, rain, cloud
and atmospheric pressure. Weather changes linle from day to day or from winter to summer in
the tropics. The temperature in the tropics varies much less from summer to winter than it does in
middle latitudes. This is mainly due to the fact that the midday sun is never far away from the

zenith. From the world map, it can be noticed that oceans cover most of the tropics. The oceanic
temperature variations are relatively small, being less than 3" C almost everywhere in the tropics.
Even over the continents the annual range of the mean monthly temperature is less than l0' C. By
contrast, it is 15' C or more in regions outside the tropics.

Marine climates are typical of regions lying near the ocean [i.e. most of Pacific Island Countries].
Moisture is abundant in the atmosphere, and rain is common. Temperature variations from night
to day are commonly only I to 3' C. This is in great contrast with the -25" C variation of the

desert regions. Oceans tend to equalise the day and night temperatures because they absorb and

radiate heat less quickly than the land. Marine climates affect all shore zones near large body of
water.

Demonstrations and Questions

Activity l: Observing Wind Speed and Cloudiness

Olrjective

The objective is to demonstrate students' skills in observing the atmosphere, specifically in terms
of wind speed and cloudiness.

Materials

+ a large wall chart showing the Beaufort Scale
* a large wall chart showing the three cloud levels and four common types of cloud
* students' individual copies of the above would also be useful
* blank data recording sheets for wind speed and cloudiness

Important Poiuts to Understand

This is a practical activity which encourages the students to improve their powers of observation.
They are simply asked to observe the wind speed, using the Beaufort scale, and to observe the
cloud cover, shape and height. No instruments are required, and the activity can be carried out
anywhere in the school compound or at the students' homes.

Cloud cover is usually given in a unit known as okta. One okta means one eighth of the sky. If
the sky is completely covered in cloud, the cloud cover is given as 8 oktas, or 8/8. If the sky is
half covered, the cloud cover is given as 4 oktas, or 418. Clouds can be low [0-3 km high],
medium [3-6 km high] or high [over 6 km high]. Very high clouds, which are made of ice
crystals, are known as cirrus clouds. Flat clouds are known as stratus. Clouds that have a
rounded, fluffy shape (very common in the Pacif,rc), are called cumulus. Low black or grey clouds
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that bring rain are known as nimbus.

Preparation

It is important to get a cloud chart from the local meteorological service if not easily available in
the school. Subsequent explanation on cloud identification by the teacher is also necessary.

Although, this activity is largely based upon estimation, students who take part in it should be

aware of the fundamental understanding of winds and clouds.

Procedure

After the teacher's brief introduction, the class should leave the classroom and go out into the

open air. Where possible, observations should be made at a site where the view is relatively
uninterrupted, so that they can see as much sky as possible. For recording wind speed, the

students should be encouraged to look at objects that are high up, rather than those that are at

ground level. Each srudent can record wind speed and cloud cover, and results can be compared

with other class members. Each srudent can write down the observations made by him/her and 5
other students. Before the lesson closes, the students should be asked to take further observations

by themselves during the day, at specific times, and record the results.

Student Record [for comparing results with 5 other students]

Student's Name Date Time Wind Speed

[Beaufort No]
Cloud Cover

Iokta]

Cloud Height
[ow, medium,

hichl

Cloud Shape [cirrus,
stratus, cumulus,

nimbusl
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Individual sfudent Record [for other observations ourside the classroom]

Activity 2: Making Cloud

Objective

The objective of this activity is to investigate the conditions that must be present for clouds to
form.

Materials

* I litre (or larger) clear glass jar with lid (large mouth jars work best)
* ice cubes or crushed ice
* hot water (Caution: Even very warm water will do. Do not use water that is hot enough to burn
your skin.)
x matches
* can of aerosol spray (air freshener is suggested)
+ black construction paper
* safety goggles
* flashlight (optional)

Important Points to Understand

$ Three things are necessary for cloud formation: cooling of air, water vapour and

condensation nuclei [not previously mentioned in the text].

$ Water vapour must have something to condense on in order to form the droplets that
compose clouds.

$ Many things can serye as condensation nuclei. Some of the most common include dust,
pollen, salt from ocean spray and smoke.

Date Time Wind Speed

[Beaufort No]
Cloud Cover

[okta]
Cloud lleight [ow,

medium, highl
Cloud Shape [cirrus, stratus,

cumulus, nimbusl
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Preparation

Before the lesson begins, discuss cloud formation with the class to determine the students' ideas

on how clouds form. Ask srudents what they think a cloud is made of, then ask them how it
forms.

Be sure that all materials are either centrally located or already distributed to the groups of
students. Perhaps the students could bring clear glass jars, such as mayonnaise jars, pickle jars,

canning jars, etc., from home. The jars do not have to be the same shape, but clear glass works

the best. The larger the mouth of the jar, the better the experiment.

Depending on the students, the teacher may choose to light all matches for them to reduce the risk

of accidents and the temptation for horseplay. Be careful: Flames and aerosol cans are an

explosive combination Holding a lighted match in front of an aerosol can makes a very effective

flame thrower. Students must never have access to both the matches and the aerosol at the same

time. If in the teacher's opinion, this represents too great a risk for his or her srudents, it is
strongly recommended that the aerosol not be used at all. The important points of the activity can

still be made using only smoke.

Procedure

(l) Fill the jar with hot water. Do not use water that is hot enough to burn your skin.

(2) Pour out most of the hot water, but leave about 2 cm of water in the bottom of the jar.
Hold the black paper upright or prop it up against some books behind the jar.

(3) Turn the lid of the jar upside down and fill it with ice. Now place the lid on the jar as

shown in the Figure. Observe the jar for three minutes. If you have a flashlight, darken

the room and shine the flashlight on the jar while you observe it. Record your

observations in the Data Table, in the box marked 'Control' .

Pour the water out of the jar and repeat steps (1) and (2).

Prepare the lid so that you can immediately cover the mouth of the jar during the next

step.

(4)

(s)
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(6) Move all loose papers away from the jar, put on your safety goggles then strike a match
and drop the burning match into the jar. Cover the mouth of the jar immediately (with the
ice-filled lid). Record your observations in the Data Table, in the box marked 'Match'. Be
extremely careful with the matches.

Pour out the water in the jar and repeat steps (l) and (2).

Spray a very small amount of the aerosol in the jar and immediately cover the mouth of
the jar with the ice-filled lid.

Observe what happens in the jar for three minutes and record your observations in the

Data Table in the box marked 'Aerosol'.

Trial Observations

Control

Match

Aerosol

Questions

(l) In all the trials of this experiment, the jar contained water vapour and cooled air. Where
did each come from?

Did a cloud form the first time you put the lid over the mouth of the jar? How about the
second and third times?

Look up the word 'aerosol' in a dictionary and write the definition here.

Aerosol:

(4) Based on the definition given in your answer to Question (3), would you classifu smoke
as an aerosol?

(5) Based on your observations and your answers, what is the other condition besides
moisture and cool air necessarv for cloud formation?

(e)

(2)

(3)
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Activity 3: Weather and Climate / Climatic Statistics

Obiective

The objective is to enable srudents to understand the difference between weather and climate, and

to be able to interpret climatic statistics provided.

Materials

* Student work sheet (one per student)
* Chart or individual sheets showing mean monthly values of temperature and rainfall for the

previous year and for the last 30 or 40 years (averaged out)
+ normal graph paper

Important Points to finderstand

$ Definitions of Weather and Climate.

$ In relation to climatic statistics, average monthly temperatures are obtained by adding up

all daily temperatures [available average temperature from the local weather services] for
the month and then dividing by the number of days in that month. To get the long-term
average, or mean, for a particular month, the average monthly temperatures for that

monrh are added by for the last 30 or 40 years, and then divided by 30 or 40 as

appropriate.

$ It is a similar procedure for monthly rainfall figures, except that only the total for each

month is needed. To get the long-term mean total rainfall for a month such as September,

all September totals for the last 30 or 40 years are added up and divided by 30 or 40.

Preparation

It is important to obtain the weather records and climate data set from the local meteorological
service beforehand if the school does not have them handy. Subsequent explanation on climate
parameters by the teacher is also necessary. Although, this activity is mostly based upon the

definitions of weather and climate, students who take part in it should be aware of the

fundamental understanding of general topics.

Procedure

(1) Meanings of weather and climate are clarified orally.

(2) Students carry out the first activity on the work sheet (word completion).

(3) Students can work in pairs or small groups to answer questions in section (2) of the work
sheet

(4) Sections (3) can be given as follow-up work.
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Student Work Sheet: Weather. Climate and Climatic Statistics

(l) Copv these two paragraphs. and complete the missinq words:

Weather refers to changes in atmospheric . over a very
time period, such as a minute, an hour, or a....

Atmospheric conditions include
and

Climate refers to the... ...... weather conditions at a place, or an

area, over a ..... .. period of time. Climate also refers to unusual weather

events that take place, such as a ...... or a . .. At
nearly all places in the world, there are regular changes in climate that take place

each year. These are referred to as the ...... of the year.

(2\ The climate of vour local area

(a) Complete the following table for a particular year, using data from your school weather

records, or data kept by your nearest meteorological station:

(b) Using the table below, describe in words the average mean temperature of your area in the

hottest month and in the coldest month:

Temperature [" Cl Description

over 30 very hot

2l to 30 hot

ll to 20 warm

0tol0 cool or mild

-10 to -l cold

below -10 very cold

Month J F M A M J J A s o N D Average Total

Average Monthly
Temperature ['C]

Total Monthly
Precipiution [mm]

47



(d)

Module Two Weather and Climate

(c) Using the table below, describe in words the total annual rainfall received in your area:

Total Annual Rainfall [mm] Description

over 2000 very heavy

1000 to 1999 heavy

500 o 999 moderate

250 to 499 Iow or light

under 250 very low or desert

(e)

Now, using your answers to questions (b) and (c), try to describe the climate of your area

during the year. Describe the different seasons, and what the climate is like in each. Say

whether you have any extreme events like cyclones or droughts, and in what months these

events are likely to occur.

To get the best average values, the temperature and rainfall values fo: each month are

averaged out over the last 30 or 40 years (the longer the better!). See if you can find out

the 30 or 40 year averages of temperature and rainfall for your area for one month of the

year. Then state whether last year's values for the month were above average or below

average.

Draw a climatic graph of the figures you obtained in [2 (a)]. Show temperature as a line
graph and rainfall as bar charts.

Activity 4: The Effect of Solar Radiation on Land and Sea

Oh.iective

The objective is to find out about the different heating properties of soil and water, and to
understand why places near the sea have a more moderate climate than those inland.

Materials

* a bucket of soil and a bucket of water
* 2 ordinary thermometers
* recording sheet
* normal graph paper
* ruler and pencil

Important Points to Understand

When solar radiation reaches the Earth, land surfaces absorb the energy in a different way to
water surfaces. They heat and cool at different rates. Water takes longer to heat up than land, but
once heated up, it retains its heat for longer than the land does. This is why, during the day-time,
the sand on a beach gets much hotter than the water does particularly if the sand is black. At night

(3)
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time, the sea water is warmer than the land! Therefore, places that are close to the sea, or near a

large lake, have their temperatures moderated by the water, they will not be as hot as places

inland during the day (or during the hot season), and they will not be as cool as places inland

during the night (or during the cool season).

Most Pacific islands are so small that the temperature in most places is influenced by the sea, and

the climate is known as marine. There is also very little variation between the temperature inland

and the temperature on the coast. However, on some of the larger islands of Melanesia (Fiji,

Vanuatu, Solomons and Papua New Guinea), the effect of land and sea on temperature is

noticeable, particularly on fine days and clear nights. We must remember that the height of the

islands is also important because there will always be lower temperatures where the land is

mountainous.

Procedure

This lesson can only proceed if it is a fine, sunny day!

(l) The group takes its buckets of soil and water outside the classroom and sets them up in

direct sunlight.

(2) After allowing 15 minutes for the sun to heat the soil and water, the group takes two

temperaure riadings in the soil bucket, one half a centimetre below the surface, and the

other about 7 centimetres below the surface. While this is being done, and using the other

thermometer, two temperature readings are taken at the same depths in the water.

Temperarures are recorded. It is important that the water is not stirred or disturbed during

this experiment.

(3) Both buckets are then left in the sun for a further 3 hours. The students will have to return

to the buckets outside class time, and take further readings, two in each, at exactly the

same depth as before. Temperatures are again recorded.

(4) Each group must now discuss its findings. At a depth of half a centimetre, which

temperature was warmer after 15 minutes - the soil or the water? After 3 hours and 15

minutes. which was warmer: the soil or the water? At a depth of 7 cm, which temperature

was warmer after 15 minutes: the soil or the water? After 3 hours and 15 minutes, which

was warmer: the soil or the water?

Questions

(l) Each student draws a graph to show his/her group's findings, and produces a short report

on how soil and water behave when heated. Students should find that the soil temperature

was much higher at half a centimetre below the surface than was that of the water.

However, at a depth of 7 cm, the water should have been warmer than the soil. Reasons

for this can be discussed with the class.

Soil [l5 min] Soil [3 h 15 min] Water n5 minl Water [3 h 15 min]

Tempenture ['4 cm]

Temperature [7 cm]
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(2\ Each student to write written answers to these questions:

(a) Why after three hours in the sun was the water temperature at a depth of 7 cm
higher than that of the soil at a similar depth. [Answer: water molecules move

easily, and can therefore distribute heat over a larger volume than can the less

mobile molecules of soil. Soil molecules cannot move as freely as water, so heat

does not penetrate deeply into the Earth's land surface.l

(b) Show, with a simple diagram, how the interior of a large flat island will be

warrner during the day time than the coasts, and colder during the night. [Answer:
the diagram will be similar to Fig. 2.91

(c) Explain what is meant by a Marine Climate. Why do most Pacific islands have

what is called a Tropical Marine climate?

Activity 5: Climate in the Pacific Region

Objective

The objective is to enable students to understand the main features of the climate of the Tropical
Pacific region: high temperatures with little seasonal change during the year, steady Trade winds,
heavy rainfall associated with the tropical cyclones. They must also realise that the Tropical
Pacific is a great storehouse of heat energy for the rest of the planet. It is the firebax that drives
atmospheric circulation.

Materials

* Student work sheets (one per student)
* Wall map of the Pacific
x Smaller copies of the Pacific region map
* Chart or map showing the tracks of one or more recent cyclones

Important Points to Understand

Most of the small islands in the Pacific Ocean lie between the Tropic of Cancer and the Tropic of
Capricorn, in the south-western part of the Ocean. In the tropical Pacific, temperatures are high,
and because so much of the surface is covered in water (which has a moderating effect on

temperature), there is not a lot of seasonal change. The tropical Pacific is dominated by the Trade

winds, which move towards the Equator from the north-east (northern hemisphere) and from the

sourh-east (southern hemisphere). Running through the middle of the Pacific is the Inter-Tropical
Convergence hne (nCZ), where the Trade winds meet and the hot, moist air rises, producing

vast quantities of cloud and rain. There is another, minor, convergence zone, known as the

Southern Pacific Convergence hne (SPCZ), that branches off from the ITCZ in a south-easterly

direction from about 160' east. Tropical cyclones (hurricanes or typhoons) generally begin on the

edges of the ITCZ during the hottest time of the year, and move away from the Equator.

The most important aspect of the Tropical Pacific is that it receives more radiation than it emits,

The excess heat energy is transported away from the tropics by means of tropical cyclones and
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through ocean currents.

Procedure

(l) On the blackboard, the teacher can build up a map to show the atrnospheric conditions
during January, with the position of the ITCZ, the SPCZ (which must be briefly
explained), and the winds.

Another map can be built up to show atmospheric conditions during August.

Students carry out the activities on the work sheet.

After marking the student's work, the teacher can discuss and summarise the correct
answers.

Questions

On the map of the Pacific region given:

(a) Draw in lines to show the Equator, the Tropic of Cancer (23V2" N), and the

Tropic of Capricorn (23t/2" S)

(b) Colour in the part of the Pacific Ocean that is in the Tropics

(c) Mark clearly the position of your own island (or country)

Study the maps of the south-western part of the Pacific given, and answer these questions:

(a) What is meant by a convergence zone?

(b) Why is a convergence zone associated with rain?

(c) What are the names of the two convergence zones found in the South West
Pacific?

(d) Tropical cyclones generally begin at the edge of the ITCZ. For countries south

of the Equator, they mostly occur during December and March. For countries
north of the Equator, they mostly occur during June and November. On either the

January or the July map (depending on which hemisphere the cyclone was in),
show the track of one tropical that has affected any part of the Pacific in recent
years using the map of cyclone tracks.

(l)

(2)
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Overview

The ocean is a continuous body of salt water that covers two-thirds of the Earth's surface. Bays,

seas, gulfs and oceans together constitute one vast expanse of water from which continents emerge
like islands. About 75% of the Earth's water is actually sea water.

Interaction between the atmosphere and the oceans are complex. The circulation of the ocean in its
surface layers is fundamentally dependent upon prevailing wind fields and the influence of the

Earth's rotation. The circulation of the deep ocean is driven by large scale response to surface

cooling in high latitudes and heating in low latitudes the latter providing a blanket isolation of the

deep waters from surface influences. The ocean, which can store heat much better than the

atmosphere or land, absorbs more heat per unit area at the equator than at the poles. This heat is
transferred to the colder areas of the ocean by convection or movement of water. The heat-

retention capacity of the ocean is very important in modifuing and influencing climate.

A phenomenon of particular importance to the Pacific region is El Nifro and its effects on climate
are numerous and diverse. Although we now understand how the atmosphere and ocean interact to

effect change in climate from one year to the next, many questions still remain so that forecasting
El Niflo events remains as a major challenge. Meanwhile the El Nifro phenomenon represents
perhaps the most obvious signature of disturbances to normal ocean circulation.

Aims of the Module

To increase students awareness, understanding, knowledge and appreciation of the ocean

and ocean circulation processes.

To highlight the role of the ocean in climate variability.

To enable students understand some of the major phenomena relevant to the Pacific region

Uike El Nifrol.

Ohjectives

Knowledge on d U nderstortdirtg:

At the end of this module the snrdents should be able to:

(l)

(2)

(3)
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- understand what oceans and ocean currents are

- know the importance and role of oceans in the hydrologic cycle

- understand how the wind affects surface water

- understand how the oceans influence weather and climate

- be able to appreciate the importance of the oceans in general

Knowledge Base

Introduction

For the small island nations of the South Pacific we do not have to emphasise the importance of
the oceans: since the beginning of our presence in the vastness of the South Pacific, ocean lore has

been woven into the very fabric of our way of life, our culture and languages. It could be argued,

then, that Pacific Island people should be among the most knowledgeable and responsible with
respect to the oceans. Certainly, many of our ancestors held enormous amounts of ocean

knowledge and this was passed from generation to generation. Much of this knowledge was

basically compatible with scientific thinking within Western European tradition.

But the direction of our development, particularly over the last two cenruries, has had several

significant effects.

(a) we have moved more and more to urbanised ways of life, and to the cash economy.

(b) pressures on our limited marine resources have grown.

(c) we have enthusiastically embraced industrial [technology] dependent modes of
operation, because they are convenient, comfortable, efficient and productive.

The net result has been the great loss of the traditional knowledge on which our daily lives
depended in the past. We have allowed ourselves to act irresponsibly towards the marine
environment, and made some of the same mistakes that took place in so-called developed
countries. As this is happening in a higher technological context, it makes the potential damage to
our homes quite appalling.

Now we are becoming increasingly aware of the damaging effects which humans are having on
the oceans, atmosphere and hence our future survival, world-wide. The importance of learning
how to manage the oceans, rather than thoughtlessly abusing them, is crucial for our future
survival. For these reasons, Pacific Islanders need to understand their ocean environment as a
total, interdependent system, for it is through this knowledge and understanding that they will be

better equipped to manage their ocean inheritance in a sustainable and responsible way. They will
also have the opportunity to become world leaders in ocean and ocean resources management.

The Hydrologic Cycle

The hydrologic cycle is the cycle through which water passes from sea to land, and from land to
sea. Water vapour enters the air through the evaporation of water. Water vapour in the air
eventually condenses and falls as rain, snow, sleet or hail. Water that falls on land collects in
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rivers which carry it back to the ocean. The return of water to the ocean may be slowed when

water becomes trapped in lakes, swamps, or openings in the rocks. However, most water returns

to the ocean [Fig. 3.U.

Between the land and sea, the hydrologic cycle produces a never-ending exchange of water. Both

destruction and construction of land forms accompany the hydrologic cycle.

Fig. 3.1: The Water Cycle [water is continuously carried from ocean to land to
ocean againl.

Origin of the Ocean

It is interesting to consider the events which led to the formation of the world's oceans although

the present knowledge is not perfect. An individual ocean grows from an initial rift, reaching a

*u*i*u* size, then shrinks and ultimately closes completely. The question of the origin of the

ocean is really two problems: (a) from where did the water come and (b) how did it get its unique

concentration of elements? Concerning the water on Earth, there are three hypotheses to explain

its origin:

(i) From the primordial atmosphere of the Earth.

(ii) From the decomposition of volcanic rock.

(iii) From the incremental addition of water throughout geologic time.

evoporolion
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The first hypothesis suggests that the primordial atmosphere condensed all at one time to form the

ocean. tf this really happened, one would expect the original components of this atmosphere to be

present in the ocean in higher quantities than have been observed.

The second hypothesis suggests that when the Earth consolidated, much of the original water was

chemically bound into volcanic rock and subsequently has been removed by decomposition of
these rocks to form the ocean. Experimental and field evidence indicates that volcanic rocks

contain only 5Vo water, and even if all the water in the volcanic rocks of the Earth's crust was

removed, it would be less than 50% of the water in the ocean.

The third hypothesis for the origin of the water, that of incremental addition throughout geologic

time, is generally the most accepted. This hypothesis proposes that ocean water was slowly, but

not necessarily uniformly or continuously, added over geologic time. Probably, a large amount of
the warer was supplied relatively early in the Earth's history due to chemical and physical

processes associated with the early development of the Earth.

It seemed that all the water and air which are now at the Earth's surface were inside the Earth at

one time through a slow process of de-gassing from the Earth's interior, about 2.5 billion years

ago when the oceans and the atmosphere were formed. The volume of the Earth is approximately

900 times the volume of water contained in the oceans. Hence, it might be possible that all the

ocean water came from inside the Earth. The origin of the ocean water is still questionable.

Composition of the Ocean

Some water in the ocean basins has been formed from water vapour given off when magma

beneath the Earth's Surface cools and solidifies. Most of the water vapour is carried to the surface

during volcanic eruptions. Based upon the three hypotheses mentioned in the previous section, it
seems that enough water has collected to more than fill the ocean basins during the 4.6 billion
years of the Earth's existence.

Sodium chloride is the most abundant compound in solution in seawater. Sodium is a product of
rock weathering while chloride is added to the oceans by volcanic eruptions. When sodium

chloride is precipitated, it forms the mineral halite, or common salt. Other substances in seawater

are calcium chloride, magnesium chloride, sodium sulphate, and potassium chloride. Gases from
the atmosphere, including oxygen, carbon dioxide and nitrogen are dissolved in seawater.

Distribution of Land and Water

Land and warer are unevenly distributed on the Earth. The continents which cover 29.2% of the

Earth's surface, break up the ocean into three basins: Atlantic, Pacific and Indian oceans.

The ocean basins cover 70.8% of the Earth's surface. The Southern Hemisphere is dominated by

ocean (80.9%) because of the connections of the ocean basins around Antarctica. Although the

northern hemisphere contains most of the land, it is still dominated by ocean (60.7To).

Topography of the Ocean Floor

In the past, the ocean bottom was considered to be a smooth, plane surface where no erosion and

little deposition occurred. Later oceanographers realised how irregular the bottom of the ocean is.

The first scientific attempt to map the ocean bottom was undertaken by the Challenger expedition

which set out from England in 1872. A schematic diagram of mountains, plains and deep trenches
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of the ocean is given below in Fig. 3.2.

Volcanoes and volcanic islands are common features on the ocean floor, usually I km or more

above the surrounding ocean floor. There are tens of thousands of volcanoes on the Pacific floor

[for example]. Over millions of years, volcanoes subside and are eroded. Eventually they become

submerged banks or the foundation for coral reefs and atolls.

Fig. 3.2: Bottom topography of the Ocean.

The Pacific Ocean

The pacific is the deepest and by far the largest ocean basin bordered by North and South

America, Asia and Australia. The Pacific occupies more than one-third of the Earth's surface' The

distribution of water on the Earth's surface ii depicted in Fig 3.3. Most of the freshwater and

sediment flowing into the Pacific comes primarily from Asia, although the diagram suggests that

this addition is pititullY small.

Islands are abundant in the Pacific, especially in the southern and western regions. The smallest

islands are low-lying sand islands, many of them associated with coral reefs. Most of the larger

islands are of volcanlic rype. In the Western Pacific most of the larger islands are usually pieces of

continents that were separated from Australia and Asia millions of years ago'

Fiq. 3.3: Distribution of water on the Earth's surt-ace'
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Early Use of the Sea

The sea played an important role in human affairs long before human history was recorded.

Enumerable shells in refuse piles [called middensl of ancient coastal villages shows that seafood

was important in the villagers' diets. Some middens also contain bones of deep-sea animals, which
suggests that boats may have been used in fishing well off-shore. Transportation by sea must also

have played an important role in early human history, but little evidence remains of these early

maritime activities. Wood, skins, reed-material, commonly used in primitive boats, are rarely

preserved. The earliest models and ships known come from Egyptian tombs and Viking graves.

All suggest that these peoples were highly proficient sailors.

The greatest ocean voyagers of all times were believed to be Polynesians. With primitive ships

and without compasses, the Polynesians in the centuries before 1000 AD located the tiny islands

spread over 14 million square kilometres of the Pacific ocean, from New Zealand to Hawaii and

Easter Island, and colonised nearly all of them. The exact starting point of these migrations is not

known, and is still a matter of controversy. ln fact, Polynesians later constructed elaborate double-
hulled vessels. The largest of these had living quarters for people and animals and were used in
transoceanic voyages to colonise the islands of the Pacific. The Micronesians also colonised many

of the larger islands of the western Pacific.

We know very little about the seafaring traditions of these peoples, as there are no written
records. In many cases our information comes from the accounts of the first European explorers
to contact them. There is ample evidence, however, that they were skilful sailors and navigators.
One example of their navigational skills is the technique of stick charts used by Micronesians as

shown in Fig. 3.4. Shells mark the locations of islands, and the bamboo strips show wave
patterns. Stars, cloud pattern, and winds were also used by these skilled navigators to find their
way between islands.

Fig. 3.4: Micronesian navigators used slic* chans to sail the Pacific. Islands are represented by shells.

Prevailing wave directions are shown by bamboo strips. Effecis of islands on wave patterns are shown by the

curved bamboo strins around the islands in the lower left.

Action of Wind on Surface Water

It is easy to show that the winds and currents are intimately related. But exactly how winds drive
ocean currents is not so obvious. When wind blows over the ocean, it drags on the water surface
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and energy is transferred from wind to the surface layers.

The greater the speed of the wind, the greater the frictional force acting on the sea surface, and

the slonger the zurface current. Generally speaking the current speed is fypically abottt 2-3% of

the wind-speed. The Norwegian scientist and explorer, Fridtjof Nansen observed in the 1890s that

the surface warer is transpoited 20-40" to the right of the original direction of the wind direction

(in the Northern Hemisphere) as a result of the rotation of the Earth [Coriolis effect]. The

opposite effect will occur in the Southern Hemisphere.

Later work by Ekman showed that the Nansen's observation applied only to the surface skin of the

ocean and ttrat the progressive deflection caused by the Coriolis effect in an ocean driven from

above results in the top tOO m or so of the water column moving at right angles to the surface

wind: to the left in the Southern Hemisphere and to the right in the Northern Hemisphere as

shown in Fig. 3.5. The surface layer responds to the winds by moving much like a slab. The

process has the nalne, Ekman Transport'

Fig. 3.5: Ekman Transport in the Southern Hemisphere.

Winds and Some Major Currents

The wind system exerts a stress on the ocean's surface and produces the wind-driven circulation

of the ocean. The easterly trade winds from the equatorial currents are co[lmon to all oceans' In

the Atlantic and pacific oceans these currents are intersectd by land and they are deflected to the

North and South. These deflected currents travel along the Western parts of the oceans and have

the name, western boundary currents, which are among the largest and strongest currents in the

ocean.

The western boundary currents are due in large measure to the variation of Coriolis force with

latitude. These currents are driven across the ocean by the westerly wind and form currents that

flow back into the equatorial region, thus completing the large gyre. Gyres of this type occur in

the subtropic regions of the north and south Pacific, the north and south of the Atlantic and the

South Indian Oceans. The northern and southern gyres of the oceans are separated by eastward

flowing counter currents. Parts of some of these large currents may break off as loops or

meandErs, called Rings. These rings have almost a life of their own and may exist for several

years. Some majot suifuc. currents of the ocean are illustrated in the following Fig. 3.6.

-\ilJ
Net Water Movement

[Ekman TransPort]
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Fig. 3.6: Some major surface currents of the oceans.

Approximate velocity and rate of volume transport of some of the ocean major currents are
presented in Table 3.1 below.

Winds and Pressure Gradient

The wind-driven circulation of the ocean results from differences in water pressure. These

differences result mainly from changes in the slope of the sea surface due to winds. Winds
blowing over the water cause the water to move and build up in the direction that the wind is

blowing. This creates a pressure difference between the high and low areas [Pressure is higher
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Table 3.1: Maximum Velocity and Rate of Volume Transport of Some Major Currents

Current Maximum Velocity [cm s-I] Rate of Volume Transport [Sv,
I Sverdrup = 106 m3 s-rl

Gulf Stream 200-300 100

North Equatorial Pacific 20 45

Kuroshiro 200 50

Equatorial Undercurrent r00-150 40

Brazil t0

Antarctic Circumpolar [west
wind driftl

t00

Peru or Humboldt 20
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where the water is piled upl. The pressure difference generates a force that tends to push the

surface back towardJthe region of lower pressure. In other words, the water wants to go downhill

or down the slope. Because of the Coriolis force [effect of the rotating Earth], however, the

moving water or current is deflected to the left in the Southern Hemisphere [to the right in the

Northern Hemispherel. If the pressure difference is balanced by the Coriolis force, the current is

called a Geostrophic Current. A schematic diagram is illustrated in Fig. 3.7. Most of the surface

currents in the ocean are geostrophic but some near surface currents may be in part non-

geostrophic. These are called Under Currents.

low
pressure

ptessure
qradient high<-tce 

Pressure
?--,,llli1.
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t
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Fig. 3.7: (a) A sea surface slope up rilwards the east results in horizr.rntal pressure gradient force towards the

west. (h) Initially, rhis causes motion down the pressure gradient, but because the Coriolis lt,rce acts at rrght

angles t6 the tlirection gf m6tion, rhe equilibrium posrtion is one in which the dtrection of llorv is at right angles

to the prcssure gradient Ifbr Southern Hemisphcrel'

In the ocean, due to Ekman's theory, westerlies (winds) transport water to the south in the

Northern hemisphere [and to the north in the Southern Hemisphere]. At the same time, the trades

(winds) transporr water to the north in the Northern Hemisphere [and to the south in the Southern

iemispherel. tris results in raising of sea level in mid latitudes and geostrophic currents arise on

the slope.

Wind Stress and Vertical Water Movement

Wind stress at the sea surface not only causes horizontal movement of water, it is also leads to

vertical motion. To understand such vertical movements, we have to refer to the Ekman transport

again. The net movement of the surface layer in the Northern Hemisphere as tested by Ekman, is

directed 90. to the right of the wind. The reverse occurs for the Southern Hemisphere where

many pacific island countries exist. In order to replace the moving surface water of a coastal area,

deep water will rise and the vertical water movement takes place as shown in Fig. 3.8 and Fig'

3.9.

vertical water movement at oceanic divergent zones and convergent zones will not be discussed

here. Readers are suggested to refer to higher level text book for more information'

Upwelling

A typical example of Ekman transport takes place where a strong and persistent wind fteld occurs

paratiet to a coastline with the coaltline to the right in the Southern Hemisphere [or to the left in

the Northern Hemispherel. Coriolis force and Ekman principle will then determine that the upper

63



Modale Three Ocean and Ocean Circulation

100 m of the water colunrn will tend to be transported offshore. The only means of natural

replacement of these coastal waters is for cooler and often nutrient rich deep waters to be drawn
to the surface, a process named upwelling.

Fig. 3.8: Vertical water movement and upwelling in the Southern Hernisphere.

When winds blow parallel to the coast [as shown in Figure 3.8 for the Southern Hemisphere], the

surface layer moves away from the coast. The sub-surface waters then move upward towards the

surface to replace the surface water (like a slab) which is moving offshore. Much of the upwelling
water occurs near the coast, in small areas of a few tens of kilometres across, located near capes

or other irregularities in the coast line.

The subsurface waters coming to the surface from depths of the order of 100 to 300 metres, cold
and rich in substances called nutrients which support abundant plant growth. These upwelling
regions support such growth of marine organisms that they provide about half the world's fish
catch.

Since the process of upwelling occurs rather slowly, speeds of I to 2 metres per day are

suggested. In fact, upwelling is believed to be very dependent on variable factors. Upwelling tends

to occur only on narrow continental shelves and again only when a continuous strong wind field is
persistent over an extended period.

Downwelling

Near the coast, winds blowing parallel to a coastline with the coastline to the left in the Southern

Hemisphere [or to the right in the Northern Hemisphere] cause another type of vertical water
movement. Coriolis and Ekman principles determine that the upper 100 m of the water column
will tend to be transported inshore.

A schematic diagram of this process is shown in Fig. 3.9 for the Southern Hemisphere. When the

surface waters move towards the coast, they cause the surface layer to thicken and later sink. The
process is called downwelling.
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U

Fig. 3.9: Schematic diagrarn of coastal downwelling in the Southern Hemisphere.

Water Waves

Water waves are one of the most obvious phenomena of the ocean. Waves, of course, can be seen

at any beach. Waves have been observed for thousands of years. Despite an abundance of
observations, an understanding of sea waves has developed slowly. Aristotle (384-322 BC)
observed the existence of a relationship between wind and waves. The ancients knew that waves

were somehow generated by wind. Waves carry energy and momentum from one place to another,

and wave groups can be very persistent. One experiment was able to track individual wave groups

across the Pacific from the Southern Ocean throueh to Alaska.

In general, water waves are not limited to surface waves. Waves can be found throughout the

depth of the ocean on the interfaces between stratified layers in the water column. Waves are

important to us in many ways. They make and remake beaches each year for example.

Effects of Waves on Beaches

Waves rarely approach a beach at right angles. Incoming waves are refracted and change

directions as they enter shallow water. Striking the beach at an angle, so that wave crests [highest
point of waves] are nearly parallel to the coast, they cause a longshore current in the surf zone

that moves parallel to the beach [Fig. 3.10]. Currents and turbulence generated by waves stir up

sediment which can be transported by long-shore currents. Beaches change seasonally in response

to changes in predominant wind direction.

During periods of low, long-period swell, sand lost during storm condition is moved back onto

beach, usually building up the beach in height and width. During periods of high, choppy waves,

beaches are cut back. The beach foreshore becomes more gently sloping and a beach scarp forms

as erosion proceeds. Most of the sand removed from the beach is deposited nearby in the offshore
zone to be moved back onto beach during the next period of smaller waves. Where wave and

current action is vigorous, sand may be washed away faster than it is being brought in, leaving
behind gravel or boulders. Beaches are usually accumulations of locally abundant materials not

immediately removed by waves, currents, or winds.
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Path followed
by sand grain in

swash-backwash zone
Surf zone Crests of

incoming waves

Fig. 3.10: jchematic diagrarn of waves on a beach.

Each wave hitting the beach causes an uprush of a relatively thin sheet of water [swash] onto the
beach face. The water rises until all the energy of the oncoming wave is dissipated. The remaining
water on the surface runs back down the slope of the beach face. When the water with its
entrained sediment runs back, it runs directly down the slope of the beach. A typical rate of wave-
induced sediment movement is 5 to l0 metres per day. It can however be surprisingly fast up to I
kilometre per day under extreme conditions.

When a wave breaks there is substantial water movement. Water at the surface and along
bottom moves forward to the beach, carrying with it materials floating or dragged along
bottom, collecting all manner of debris as well as sediment.

Tides

Tides or Tidal Waves are most commonly seen as a regular rise and fall of sea level at the coast.
This rise and fall also occurs offshore and in the deep ocean. Tides produce tidal currents [tidal
streams] which are necessary in order to move water from one place to another to accommodate
the sea level changes.

Tides are caused by the gravitational attraction of the Moon and the Sun on the Earth. Generally,
we may define the ocean tides as the response of the ocean to the periodic fluctuation in the tide-
generating forces of the Moon and the Sun. The solar tidal forces [S] are slightly less than half the
lunar tidal forces [L], i.e. S:0.47L.

Spring and Neap Tides

As shown in Fig. 3.11, the lunar and solar ellipsoids flike rugby balls] are independent and not
normally lined up. When they do line up [when the Earth, Moon and Sun are all in line] the two

the

the
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tidal effects combine and very large tidal range or spring tides will be obtained.

When the Moon is in quadrattffe, so that the Earth-Moon line is perpendicular to the Earth-Sun

line, the tidal effects are subtractive, and the smallest tidal range, or neap fides will be obtained.
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Fig. 3.ll: Relative positions of the Sun, Moon, and Earth during Neap and Spring tides.

We can also calculate the relative tidal ranges, as follows:

Springs - (t*S) - (1+S/I) - (1+0.47)

Neaps (r-.9) (1-S/r) (1-0.47)

where L : lunareffect S : solareffect

i.e. range of spring tides should be approximately 3 times larger than that of neap tides.

It is to be noted that these arguments apply to equilibrium conditions only and also only where the

tidal characteristics are dominantly semi-diurnal [two tides per day]' For example, it does not

apply to the Solomom Islands and Papua New Guinea IPNGI where diurnal tide [one tide per day]

is dominant.

The period of the spring-neap cycle is not quite the same as the time it takes for the Moon to orbit

rhe Earth [27.3 daysl, 6".u*" during that time the Earth has moved approximately 1/l3th of the

*uy u.ound the sun. so, it takes another I27.3ll3l days to catch up with the sun [so they line up

againl, i.e.

27.3 + 127.3113) : 29.5 days

We have 2 springs and 2 neaps occurrences during this period, so the spring-neap cycle is 129'512

daysl or aUout t+.2 days long [so that about one week separates spring from neap tides]'

The above description of spring and Neap tides presents a very simplistic view of the tide-

generating mechanism. lt asJumes that the ptane of the Moon's orbit is fixed in the plane of the

Ecliptic [the plane of Earth's orbir around the Sun] and also assumes that these planes coincide

witfr the ptani of the Equator so that the Earth's axis is always perpendicular to the plane' In such

circumstances, all locations would experience two tides per day of similar tidal range' Of course,

we know this not to be true.
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In fact, in PNG and the Solomon Islands there is a clear tendency for only one tide per day to
occur. Although too complicated to explain fully in these curriculum modules, this situation arises

from the fact that the Moon moves north and south of equator in a monthly cycle and the Sun
does likewise with the seasons in an annual cycle. One should note that such stations, dominated

by diurnal influences also experience a fortnightly cycle in tidal range similar to that of the

Spring-Neap cycle. But it is a cycle which does not remain synchronised with the Lunar Phases,

whereas the true Spring-Neap cycle has a period of l4.7 days the pseudo cycle in the diurnal tide
has a period of 13.7 days.

The Rotating Earth

Let us now consider the basic effect of the Earth's rotation [spin] on the prediction of tides in the

world ocean assuming that covers the entire surface of the Earth to a uniform depth. This ideal

ocean is modified by the tide-generating forces that cause bulges on opposite sides of the Earth as

shown in Fig. 3.10. If we assume that the stationary Moon is directly above the equator so that

the maximum bulge will occur on the equator on opposite sides of the Earth. Since the Earth
requires 24 hours for one complete rotation, an observer on the equator would experience 2 high
tides per day. The time that would elapse between high tides, the tidal period, would be 12 hours.
An observer at any latifide North or South of the equator would experience a similar period, but
the high tides would not be so high at higher latitudes since the observer would be at the edge of
the bulge rather than the apex. In fact, near the poles there would be a tidal depression rather than

a tidal bulge.

To make the story short, we have two tides a day because of the Earth's spinning on its axis [24
hours for one complete revolutionl. While spinning, a fixed point on the Earth [a specihc
locationl will pass through nvo bulges in one day. But high tides do not occur every 12 hours on
the Earth's surface. This is due to the fact that the Earth-Moon system is rotating about its centre
of mass while the Earth is spinning on its own axis [Fig. 3.12).
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Fig. 3.12: Schematic diagrarn showing the Earth's spinning and tides.

However, there are fwo tides per day [semi-diurnal tides] because the Earth spins below the two
bulges of the ellipsoid of revolution, once everyday. But, in the time it takes the Earth to spin
once [24 hours], the Moon has moved further on in its orbital journey which it has to complete
within the period of a month. Consequently, it takes another approximately 50 minutes to catch up
with the sub-lunar point [the Moon rises about 50 minutes later everyday]. Total time for one
complete cycle of lunar tides is 24 hours 50 minutes. The times it takes to go from the Sun being
overhead, to being overhead again is defined to be 24 hours. So, the solar semi-diurnal period is
exactly 12 hours. It can be summarised as follows:
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Lunar Semi-Diurnal Tide 2 high and 2 low waters separated by - 12 h 25 min

Solar Semi-Diurnal Tide 2 high and 2 low waters separated by exactlY 12 h

As briefly mentioned in the previous section, there are some locations where only diurnal fides

[i.e. one high water and one low water per day] take place [e.g. PNG and the Solomon Islandsl.

The diurnal tide is zero at the poles and the equator and a maximum at 45" latitudes.

Tidal Currents

Tidal currents are horizontal water movements associated with the total rise and fall of the sea

surface. The relative strength of the tidal currents is generally proportional to the tidal range of

the day. For instance, a spring tide is usually accompanied by stronger tidal currents than a neap

tide.

In general, tidal currents are the strongest currents in coastal regions. In the open ocean, tidal

curients exhibit a rotary pattern of movement. Readers are requested to refer to the more

advanced text for the details of tidal currents.

Some Useful Tidal TernrinologY

Sea Level:

Residual:

Tidol Range:

Spring Tides:

Neap Tides:

Diurnnl Tides:

Semi-Diuntal Tides:

Tidal Period:

Flood Tide:

Ehb Tide:

A measurable quantity, the results of all influences which affect the height

of the sea surface [Moon, Sun, atmospheric pressure, winds, thermal

effect, vertical land movement, seismic activity, oceanographic effect such

as El Niflo, etc], above a defined dafum (reference level)'

Equal to [observed sea level - tide]. The residual is that part of the

observed change in the sea level which is not due to tides. It is due to

meteorological or seismic activity, generated locally or perhaps many

thousands of kilometres away [e.g. tsunamis].

The difference in elevation between the highest and lowest tide levels.

Maximum tidal range which is larger than the average tidal range, usually

occurs near times of full and new moons, especially where tides are

predominantly semi-diurnal in character.

Minimal tidal range which takes place during the first and three quarters

of the moons, in the case of semi-diurnal tides.

Daily tides, one high and one low waters in a day.

Half-daily tides, two high and two low waters in a day'

24 hour 50 minute or 12 hour 25 minute for the Lunar tide.

Usually refers to currents on the rising tides.

Usually refers to currents on the falling tides
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Why' Measure Sea Level?

There are many reasons for measuring sea level. These vary from the immediate operational
requirement of ship navigation to long term predictions of global sea level change due to climate
variations. Technicians, engineers and scientists may have different requirements for accuracy and
availability of the measurements, but they are all concerned with the same parameter, the average
level of the sea surface, after eliminating short-period waves, relative to some fixed danrm
[reference level].

Ocean Influence on Weather

Apart from the general influence, large masses of unusually warm or cold surface waters in a

particular part of ocean influence the weather on land. Sometimes these water masses are
thousands of kilometres across and 2-3 hundred metres thick. They persist for years as they are
moved across the ocean by currents. The vast size of these water bodies and the heat energy they
contain apparently steer major weather systems and storms as the latter move across the ocean and
onto land.

It is important to remember that the temperature and salinity of surface waters in the ocean are
determined by the amount of evaporation and precipitation. So as a result, sea surface temperature
will vary from place to place and from time to time. The same is true of local salinity although
change here takes place on a slower time scale.

For example, persistent cold surface water masses in the central Pacific cause shifts in the
prevailing westerly winds blowing across the United States. Some scientists believe that the long
drought in Africa may be related to the unusually warm surface water in the North Atlantic. If the
causes of these relationships could be determined, predictions of certain climate changes could be
made, using measurements of sea surface temperature.

Bands of equal sea surface temperature tend to be oriented east-west and symmetrical about the

equator. Temperatures are highest along the equator because of the warming of the Earth in the

tropics. They gradually become cooler towards the poles. In equatorial regions, water and air
tempera$res change little seasonally. The small changes in polar ocean water temperatures are
due to the year round presence of ice.

Climate Patterns in the Oceans

The open oceans can be divided into climate regions with relatively stable boundaries which run
generally east-west. Temperature and salinity of surface waters are functions of the amount of
solar energy received and the amounts of evaporation and precipitation. ln equatorial regions the
major air movement is vertical as air rises, so that winds are weak. Surface waters are warm, but
heavy precipitation keeps salinity relatively low. Sailors once referred to this region as the

doldrums because their sailing ships were becalmed by the lack of winds. Meteorologists name the

region, the Intertropical Convergence Tnne UTCZ] because it is the zone between the tropics
where the trade winds converge [Module Two].

Tropical regions are characterised by north-easterly trade winds in the northern hemisphere and

south-easterly trade winds in the southern hemisphere. These winds push the equatorial currents
and create moderately rough seas. Relatively little precipitation falls at higher latitudes within
tropical regions, but precipitation increases towards the equator. Hurricanes and typhoons which
carry large quantities of heat into higher latitudes are initiated here as tropical storms.
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The belts of high pressure are centred in the Subtropical Regions. The dry air descending on the

subtropics ,"rult, in little precipitation and a high rate of evaporation, producing the highest

salinities in the open ocean. Winds are weak in the open ocean as are currents' However, strong

boundary current; flow north and south, particularly along the western margins of the subtropics.

The temperate regions are characterised by seasonal temperature changes and strong westerly

winds biowing from the southwest in the northern hemisphere and from the northwest in the

southern hemisphere. Severe storms are common, especially during winter, and precipitation is

heavy.

The stfupolar ocean is covered in winter by sea ice that melts away, for the most part, in summer.

Icebergs, which are blocks of frozen fresh water detached from the polar ice caps, are common,

and thi surface temperature seldom exceeds 5"C in the summer months.

Surface temperatures remain at or near freezing point in polar areas, which are covered with

ice throughout most of the year. [n these areas, which include the Arctic ocean and the ocean

adjacent to Antarctica, there is no sunlight during the winter and no night during the summer.

Brief Description on El Niiio: The Christ Child

So far we have discussed how the atmosphere and ocean change annually, seasonally, and locally

in general. There is yet anorher type of atmosphere-ocean interaction and variability that has a

prJfound impact on ihr equatoriai b..un and on the weather throughout much of the Southern

Hemisphere.

Normally, the wind-driven Humboldt Current flowing northwards parallel to the coast of South

America to its right [in the Southern Hemisphere] presents a favourable case for coastal

upwelling. The cold water drawn from the ocean depths normally dominates the cold climate and

also supports nutrient rich fishing grounds.

There is a current from the equatorial zone heading to the south-eastern Pacific ocean bringing

warm water towards the coast of South America in December or January of a typical year,

especially ro the normally cold coast of Ecuador and Peru. The local fishermen named this

current, El Niiio, because of its proximity to Christmas and the tropical fauna and exotic flora it

carries along.

The special meaning of El Niflo during that period is the Cftrist child although the direct meaning

is thi baby boy. The term El Niflo was initially given to the annual Christmas warm current

flowing off tn" Peru coast. At regular intervals of as little as two or as much as seven to ten

years, fhis otherwise benevolent current becomes very warm, and brings catastrophe since it limits

or terminates the upwelling mechanism. Scientists now reserve the term El Niflo for these

dramatic. events.

A simple definition for El Nifro is that ir is an unusual warming in the sea surface temperature off
peru in South America. It has been noticed that major warmings of a much larger scale tend to

occur every two to seven Years'

Although historical usage prompts a definition of El Niflo in terms of conditions off the South

American coast, these changes are connected directly to changes across the entire tropical Pacific

and indirectly to changes throughout the world's atmosphere and ocean. Unusual weather

conditions in various paits of the world are believed to be associated with El Niflo. Whether El

Nifro is the actual cause of all of them is still unknown. However, the El Nif,o events are

perturbations of the ocean-atmosphere system. It is not known whether the perturbations originate
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in the atmosphere or the ocean, since one set leads to the other and vice versa.

One El Niflo evolves very differently from another. However, they usually last less than 2 years
and have a relatively consistent pattern of sea surface temperature. Normally, the waters in the
western Pacific are quite warm and those in the eastern Pacific are very cold. However, during
the initial stages of an El Niflo [Fig. 3.13 (a)], the sea surface begins to warm in the eastern
Pacifrc off the west coast of South America. This generally happens during March to May of the

first year of the El Nifio.

As the year progresses [Fig. 3.13 (b)], the central Pacific begins to warm up significantly as the

warm water moves westward along the equator. The mature stage of El Nif,o occurs from
December through February of the second year of the El Niflo. This stage is characterised by a
substantial warming in the central Pacific and a slight cooling off South America.

Fig. 3.13 (a): Initial stage of a typical El Niflo.

Fig. 3.13 (b): Latcr stage of a typical El Niflo.

March-May Year I

August-October Year l
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Generally, during an El Niflo period, the central Pacific experiences unusually high rainfall.
Correspondingly, the western Pacific undergoes drought conditions. The devastating tropical
cvclones that hit Pacific islands in the last decade occurred most in the El Nifro vears.

As the El Niflo conditions subside, a significant cooling of the sea surface occurs in the eastern

Pacific and lasts about one year. This cooling is referred to as a La Nifra [baby girl] and its effects

on the atmosphere is opposite to that of El Niflo.

Conclusions

Due to the remarkable properties of ocean water, the climate everywhere on Earth is extremely
mild compared to that of our neighbouring planets. Both the ocean and atmosphere are several

thousands times wider than their thickness. It makes their dimensions like those of a thin sheet of
paper. Like two neighbouring pages in a closed book, these rwo fluid layers are intimately
connected and their behaviours are closely related.

One consequence of the interaction of ocean and atmosphere is that each drives the other. Wind
and weather are driven by the heat that the atmosphere receives from the Earth (mostly the ocean)

beneath it. Some of this energy is refurned to the ocean in the form of wind-driven currents. The

wind and weather also produce the denser water that sinks and flows through the dark deep

regions of the ocean. Because the ocean is so massive, however, its motions are much steadier and

more predictable than those of the atmosphere.

Demonstrations and Questions

Activity 1: Moving Water and Waves

Objective

The objective of this activity is to enable students to demonstrate how wind causes water to move
and generate waves and how water pressure causes water to move from higher to lower pressure.

Materials

Each group will need:

* a rectangular metal or glass container
* water
* approximately 2 kg of sand (optional)
* an electric fan or a hair drier
* stopwatch or watch with second hand

Important Points to Understand

Everyday we see masses of water always on the move. Although there may be very little
observable movements on the ocean surface on a very fine day, in fact, the ocean water is always
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moving. There are many ways that you can make waves in water. Most waves are created by
winds.

Procedure

(l) With sand, construct a beach at one end of the tank.

(2) Fill the tank with water to a depth of about 5 cm.

(3) Place the fan or hair drier on one side of the container so that the fan can blow onto the
surface of the water. It should be aimed down the tank along the surface of the water at
about a 45' angle.

Switch on the fan (or hair drier) at a lower speed then at a higher speed. Allow 2 minutes
for each trial. Let the students observe the different results.

Try step (4) again for 10 seconds only.

Questions

(1)

(2)

(3)

(4)

What happened when the fan (or hair drier) was switched on?

What happened to the waves when the fan (or hair drier) was changed to a higher speed?

What happened to the size of the waves as time progressed?

Did you notice any differences in the waves from one end of the tank to the other? [f so,

what were they?

While the fan was running which side of the water tank had the higher pressure of water?

What happened when the fan was switched off?

From all your observations, what characteristics of winds are important in determining the

height of a wave?

(s)

(6)

(7)
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Activity 2: Surface Currents

Objective

The objective is to demonstrate the simple surface currents and to calculate the speed of current.

Materials

Each group will need:

* Books
* Pencil/pen
* Sticks
* Balls
* Measuring taPe or roPe
* Time clock / stop watch

Important Points to Understand

Speed is defined as a distance travelled in a unit of time (second/ minute/ hour etc.) usually given

in ehysics by m s-r. speed of an object can be calculated as follows:

Speed =
Distance

Time

Procedure

(l) Take srudents to the site of the activity (shallow channel / creek / river).

(2)

(3)

Measure along the side of the sites (river/channel) about 20 metre and use the sticks to

mark the ends.

Have 3 sudents to work in each group. One at the starting point to release the ball, the

second one as time keeper (to keJp thl time as the ball flows to the finishing point) and

the third one at the finishing point to retrieve the ball'

Have each group follow the same procedure [see procedure 3]

Have each group calculate the average speed of the surface currents by tabulating their

results.

(4)

(5)

Speed : Distance / Time [m s"]
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Questions

(l) Why is it necessary to allow the ball to run several times ?

(2) What will happen if the two points (start / finish) are too far apart? Why?

(3) Why is the water in motion all the time?

Activity 3: Coastal Erosion

Objective

The objective of this activity is to snrdy the coastal erosion [or deposition] by waves and sea level
rise at a particular area.

Materials

* graph paper
* ruler
* pencil and pen

Important Points to Understand

To observe changes in sea level, scientists regularly measure the sea level at certain places. If they
want to predict what will happen to sea level in the future, say at a particular beach, they look at

the past trends.

Has sea level at this beach been rising or falling over the past years? Has the beach sand been

eroded by rising sea level or accumulated because of falling sea level?

Preparation

Try to explain that the information in the table below shows a study of estimated volume of sand
on a part of the beach at Lefaga, Samoa.

Year t972 1973 r974 t975 r976

Sand Volume [m3] 268 33r 192 394 201

Year r977 r978 t979 1980 1981

Sand Volume [m3] 185 ?86 252 323 35r

Year 1982 r983 t984 1985 1986

Sand Volume [m-] 364 385 343 349 377

76



Msdule Three Ocean and Ocean Circulation

Procedure

(l) Plot the data on a graph paper, time in years on the horizontal axis and the volume of
sand on vertical axis.

(2) Try to understand the zig-zag character of the graph.

Questions

With the graph, try to answer the following questions:

(t) Which years showed erosion and which years showed deposition?

(2) Can you predict what will happen to the beach over a long period of time [say 50 years]

from these data?

Activity 4: Ocean Currents

Objective

The objective of this activity is to demonstrate the effect of cooling and heating on currents in the

ocean.

Materials

* a large beaker
* ice cubes
* water
* drops of black ink [or coloured dye]
* bunsen burner [or stove or immersion heater]
* tripod stand
* gauze mat

Importaut Points to Understand

The climate we have is influenced by ocean currents. These currents are driven by solar heating

and global winds. Usually, surface water is wanner and bottom water is colder in the ocean. In
other words, cold water has higher density and sits at the bottom of the ocean. Difference in
densities cause the major circulation pattern and many local currents in the ocean.

Procedure

(1) Fill the beaker with water and let it stand for a few minutes.

(2) Put the ice cubes on top and heat the water very slowly from below with the bunsen

burner [or from one side with the immersion heater].
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(3)

(4)

(s)

Add a few drops of dye or black ink.

Watch what happens.

You may repeat the above procedure until the process is clear.

lmmersion heoter

Questions

(l)

(2)

(3)

What happens to the bottom water when heating begins?

What happens to the dyed water at the surface when heating begins? Draw a diagram to
illustrate the movement of the colour.

Can you explain how water is circulating in the beaker?

Activity 5: When Floating Ice Melts in the Sea!!

Olrjective

The objective is to investigate the effect on sea level due

global warming.
to the melting of floating ice due to

Materials

Each group will need:

* a conlainer
* water
* some ice cubes

/Ek:
;'p.Ftt':j

Important Points to Understand

As global warming heats up the upper layers of the ooean, it will cause the melting of the large

Food coloring
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amount of ice that floats in the water near Arctic and Antarctica. We may think that, with the

melting of these icebergs, even more water will enter the oceans and cause an additional rise in

sea level. However, it is true that floating ice in the ocean does not raise the sea level when it

melts.

Procedure

(l) Place the ice cubes in the container

(2) Gently fill the container with water until it is almost overflowing'

(3) Watch the water level as the ice melts.

Questions

(l) Does the water overflow when ice melts?

(2) Do you think that melting icebergs will make the sea level rise?

(3) Do you have any reason to support your answer in question (2x
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Overview

Until recently most people found it inconceivable that human activity could change the Earth's

climate and in fact some scientists still believe that any such changes will be minimal' We now

know that changes in the level of some of the greenhouse gases, which make up less than ITo of

the atmosphere, are expected to lead to changes in the global climate, including increases in

surface aii temperature ind sea level. This change in the composition of the atmosphere has been

under way at least for the last 200 years of industrialisation, its consequences are only beginning

to be appreciated. The idea that human activity can potentially change climate is both intriguing

and awesome.

Global warming resulting from the enhanced greenhouse effect is likely to be obscured by natural

climate flucruations for another ten years or so. whatever processes are in fact in train, it is

certainly prudent to assume that global warming is already taking place and that sea levels will
rise. Sia level is predicted to rise because the upper layers of the oceans will expand with

warming, and because some glaciers and ice in more temperate regions are likely to melt. The

best estimates of sea level rise have not changed substantially since the nineteen sixties, although

the range of estimates is becoming narrower. A bener scientific understanding of the whole issue

is still required for improved estimates of sea level rise.

Aims of the Module

(1) To enable students to have the basic understanding of the historical perspectives on climate

change and sea level variation.

(2) To enable students to understand the role of climate change on sea level variation.

(3) To enable students to have the fundamental understanding of some definitions in sea level

change issues.

(4) To enable students to understand the main reasons of sea level change.

(5) To highlight the role of Ausralian initiatives through AusAID over the concerns of our

Pacific neighbours in relation to climate change and sea level issues.
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Objectives

Knowledge and Understanding :

At the end of this module the students should be able to:

- understand the factors which might change the climate

- explain how the sea level changes evolved

- recognise climate change which has occurred in the past

- list the main reasons for sea level change

- define some important terms in sea level change

- be aware of the meteorological effects on daily sea level

- understand the needs of research on climate change and sea level variations

Knowledge Base

Introduction

Fossil records indicate that over the past million years, huge ice sheets advanced and retreated
many times. Very cold periods have come and gone. Most scientists believe that at the peak of the
last ice advance, twenty thousands years ago, the global temperature was about 5 'C lower than it
is today. Much of the land in mid to high latitudes was buried under colossal sheets of ice. During
this time, animals such as reindeer, wolverines, and lemmings lived in areas now much too warm
for them. At least three theories explain why the Earth may have been colder during earlier time:-

First, Earth may have absorbed and spread less of the Sun's warming rays. The Earth's axial tilts
and orbit around the Sun change periodically. At some points in time, these motions have at least
shifted climate zones latitudinally on the Earth. Consequently, some zones experienced a
temperature drop, and snow gradually accumulated. Glaciers grew larger and advanced across the
land. As temperature fell, ice and snow covered areas of the Earth's surface which previously had
been temperate. Second, the atmosphere may have contained fewer gases to trap heat. If less
liquid water lay over the land, the amount of water evaporated into the atmosphere may have
decreased. A lessening of the cloud cover would have resulted, so less heat from the surface
might have been trapped. Other possibilities are that the Earth passed through meteorite-prone
zones of space or perhaps experienced a series of major volcanic eruptions releasing suiphate
particles into the atmosphere with the ability to scatter solar radiation.

Climatologists believe they have observed a slight but rather steady rise in temperatures since the
1880s, when reliable temperature records first became available worldwide. Will this warming
persist? will it intensify? If so, for how long? Climate responds to so many forces and factors that
cannot be identified so easily. There are astronomical influences on climate, such as changes in
Earth's orbit around the Sun or changes in the distribution of solar energy sweeping Earth's
surface. Geological forces also influence global climate: plate tectonics carry land masses to
warmer or cooler latitudes; volcanic activity intensifies or drops; sea levels change.

For many years it has been feared likely that if the glaciers of the world and the ice sheets of
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Antarctica and Greenland should melt, the level of the sea would be raised more than 100 m. The

ports of the world would become submerged. Many forms of evidence tell us that the sea level of
the recent past was as much as 150 m lower than it is today as revealed by submerged forests in

the sea. However, the current consensus is not so pessimistic and sees little threat from the polar

ice caps although the melting of land ice could still be a problem against a background of global

warming.

All would agree that humanity is presently faced with an environmental problem of great

complexity with technical, scientific and moral overtones. By no means is there any certainty as to

the mechanisms which control the interactions of human influences, atmosphere and the oceans.

However it can be said that the current understanding of the international scientific community

would suggest that:

O Sea level has risen, perhaps at a rate of I or 2 mm per year over the last 100 years.

0 It is likely that global warming will occur as a result of greenhouse mechanisms and

that this is likelv to increase the rate of sea level rise.

I As for the mechanisms involved:

g slightly more than half of this rise is contributed by the thermal expansion of the

surface layers of the ocean due to global warming'

g slightly less rhan half of this rise is contributed by the addition of mass to the

ocean from the melting of land ice in the form of glaciers'

g but that the two polar ice caps are likely to act in an opposite sense with the

Greenland ice caps contributing to sea level rise through melting processes,

whereas the Antarctic ice caps might accumulate a greater thickness as elimate

changes and act as a water store so that in consequence the two polar regions

migtrt have a negligible influence on sea level representing just 1 or 27o of the sea

level trend.

Nevertheless, in view of the many uncertainties still unresolved it is very important to establish

accurate sea level monitoring stations in large scale arrays so that we can at least record what is

actually taking place in sea level trends'

The Climate System

The Earth absorbs radiation from the Sun, mainly at the surface. This energy is then re-distributed

by the atmosphere and ocean and re-radiated to space at longer wavelengths' Some of the thermal

radiation is absorbed by radiatively active gases in the atmosphere, particularly water vapour, but

also carbon dioxide, methane, the CFCs, ozone and other greenhouse gases. The absorbed energy

is re-radiated in all directions, downwards as well as upwards, such that the radiation that is

eventually lost to space is from the higher, colder levels in the atmosphere' The result is that the

surface loses less ieat to space than it would do in the absence of the greenhouse gases and

consequently stays warmer than it would otherwise be. This phenomenon, which acts rather like a

blanket around the Earth, is known as the greenhouse effect'

A natural greenhouse effect is necessary to keep the Earth at a temperature suitable for life.

However, some of the gases responsible for the greenhouse effect are increasing at an

unprecedented rate because of human activities. These increased levels of greenhouse gases in the

atmosphere threaten to strengthen the natural greenhouse effect, leading to an overall warming of
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the Earth's surface.

Factors of Climate Change

Any factor which alters the radiation received from the Sun or lost to space, or which alters the
re-distribution of energy within the atmosphere, and between the atmosphere, land and ocean, will
affect climate.

The Sun's output of energy is known to change by small amounts over an ll-year cycle, but
variations over longer periods may occur. On time-scales of tens to thousands of years, slow
variations in the Earth's orbit have led to changes in the seasonal and latitudinal distribution of
solar radiation, these changes have played an important part in controlling the variations of past
climate.

Increases in the concenhation of the greenhouse gases will reduce the efficiency with which the
Earth cools to space and will tend to warm the lower atmosphere and surface. The amount of
warming depends on the size of the increase in concentration of each greenhouse gas, the radiative
properties of the gases involved, and the concentration of other greenhouse gases already present
in the atmosphere.

Aerosols [small particles] from volcanoes, emissions of sulphates from industry and other sources
can absorb and reflect radiation. Moreover, changes in aerosol conc€ntrations can alter cloud
reflectivity through their effect on cloud properties. In rnost cases aerosols tend to cool climate. In
general, they have a much shorter lifetime than greenhouse gases so that their concentrations
respond much more quickly to changes in climate.

Ancient Climate Change

Obviously, details of climate conditions far back in the Earth's history are difficult to obtain.
However, it seems evident that major climatic changes could have followed the major movements
of the continents. Over 225 million years ago, there was one large super continent called
Pangaea, extending essentially from the North Pole to the South Pole as schematically shown in
Fig. 4.1, that was surrounded by ocean.

Fig. 4.1: Probable posttion of the continents ahout 225 nrilli<rn years ago when they tormed the large continenr
of Pangaea. The present names of the continents are also indicated,

(Africa)
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Climate conditions and ocean circulation were different then than at present, a point substantiated

by examination of the rocks deposited during that period. These rocks show indications of large

ice sheets near the South Pole that extended over much of southern Pangaea including Australia,

South America, Africa and India. During that period, arid desert or similar conditions dominated

the mid and low latirudes.

Following the break-up of Pangaea about 200 million years ago, the ocean circulation slowly

evolved into its present patterns. During this change there were periods when climate conditions

were less dramatic and warmer than they are at present or were before Pangaea started

separating. Later, the east-west passage near Antarctica developed, which allowed water

circulation among all oceans to develop. Eventually, this led to our present ocean circulation

system and climate conditions'

Historical Evidences

Since an average person lives fewer than 100 years, it is difficult to imagine environmetital

changes over periods of time as long as million years. However, seventy-five million years ago,

the area we now know as Canacla was considerably warmer. The climate across the entire

Northern Hemisphere was at least -5.5"C warmer and a good deal more humid' How do we

know that? Fossils show it as do pollen types and counts in rock and sediments: fossils found in

Canada, Asia, and the northern United States; in mud ancl rocks; on and in oceans; and in many

kilo-metres deep, pitch-dark caves. For instance, fossils from Canada' Utah, Montana, and

Michigan show that palm trees once grew much tarther north than they do now. These warm-

climati plant fossils jive evidence that the Northern Hemisphere once had a much warmer climate

than today. Alttrougtithe intensity of warming probably varied from region to region, the climate

was warrner and more humid almost everywhere in the world.

Fossils of the dinosaurs such as Tyrannosaurus rex have also been found, in both North America

and Asia. These two continents are now separated by the Bering strait. To travel from one to the

other, dinosaurs must have used a strand of land that is now underwater. How could warm-climate

dinosaurs survive so far north? For ?- rex to have ranged over North America and Asia for

millions of years, winters must have been much milder than they are now. Today's reptiles:

alligators, foi example, cannot live in cold climates. In the United States, alligators' range extends

ont! a little north of ttrr GuIf Coast of Mexico. But fossils of alligators from five million years

ugo huu" been found as far north as Canada, another indication of a once-warmer climate.

Now extinct, ammonites were shelled animals that lived in the sea. Surprisingly, their shells have

been found in the centre of the American continent, far from present coasts. This suggests that

seawater once extended across North America, and that this water was warm enough for the

ammonites to survive. Some scientists think that a huge sea once covered a large part of today's

continents, and that this sea helped to keep Earth's climate mild' Why do they think so? How

could more extensive oceans afflct climate change? What other factors might also have warmed

the planet? Scientists have developed at least two compelling theories. First, partly the Earth had

more extensive oceans, the atmosphere may have contained more of the gases [water vapour and

carbon dioxidel which trap heat. Volcanoes also contributed these gases, along with sulfur-rich

gases [e.g. SOr] which form heat-trapping particles. Second, the Earth might have been warmed

by the Sun more than it is todaY-

Legendary Evidences

Many of the legends of the great deluges which have come down from the past are based on the

o..uir"n.. of a great flood that swept the land. The Greeks explained this great flood as the work
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of kus, chief of the Olympian gods. According to Hindus, great havoc was wrought by a deluge

that inundated the coasts and carried thousands to their deaths. A similar record is found in the

biblical Book of Genesis, and many others are known from divergent sources. Most of these

accounts are identical in many respects, although they are told by people of varying cultures, from
different parts of the world. For example, excavations at Ur in Iraq show that the Flood recorded

in the Bible may have been a flood that occurred along the Tigris and Euphrates Rivers in an area

about 400 miles long and 100 miles wide. The water rose high enough to submerge whole cities
and deposit a layer of clay eight feet deep. To the survivors, it must have seemed that the entire
world had been inundated.

Science, however, tends to support flood legends rather than deny them. Both catastrophic and

gradual inundations of the land by the sea are now known to have been common in the geologic
past, and it is therefore not unlikely that they have occurred in historic time. Evidence suggests

that sea level rose significantly about 6000 years ago, and, although some of the folklore tells of
the subsidence of a great flood, the flood that science found did not subside [Fig. a.2]. Much of
what was once dry land now lies submerged off the coasts of the islands and continents of the
present known world.

Submergence or emergence of continental and sub-continental regions can of course be brought
about by actual changes in the level of the sea. Similarly, the same result may be brought about
by vertical movement of the land itself in response to tectonic forces. Both kinds of change can
operate either locally, regionally, or worldwide, and it is these changes, operating separately or in
concert, that may have caused the great and small floodings of the past.

It is just possible, of course, that alternate phases of global warming and cooling may have
occurred in the past due to natural causes without human intervention. Scientists continue to study
possible nafural oscillatory processes operating over long periods of thousands of years, involving
inherently unstable characteristics. Instability is an essential element in such theories which implies
that they may switch rapidly between two quite different states. Such arguments, by definition
almost, need to identify a very major heat sink, invariably the ocean, instability being due to large
scale circulation mechanisms which have the in-built ability to switch on and off.

Sea level in recent geologic history has been thought to have been controlled mainly by changes in
the volumes of ice locked on the continent of Antarctica, in Greenland, and in the glaciers of the
world. Together they account for an ice volume of 32 million kmr, comparable to a sea level rise
approximately 100 m. In recent years this factor has appeared to be less dominant and greater
attention has been given to thermal expansion and contraction of the surface layers of the ocean.

Historic Sea Level fliso
Proiected Bise lrom IPCC 19{Xl Scenario A
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Ycu

Fig. 4.2: Graph of sea level variation
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Sea Surface and Sea Level

It is important not to confuse the shape of the sea surface with the level of the sea surface. Ocean

bathymitry [and its effects on the geoid] changes significantly only on time scales of I to 10 Ma I
I Ma : one million years], whereas sea level fluctuations occur on time scales of 1 to 10

thousands years. For many purposes, therefore, we can assume the shape of the sea surface [the

geoidl to be effectively constant.

The term, geoid is the equipotential surface that would be assumed by the sea surface in the

absence of tides, water den;ity variations, currents and atmospheric effects. It may vary above and

below the geometrical ellipsoid of revolution by as much as 100 m due to the uneven distribution

of mass wiitrin the Earth. The mean sea level varies about the geoid rypically by decimetres, but

in some cases by more than a metre [Fig. 4.3].

Geoid anomaly

Fig. 4.3: Geoid, ocean surface and bottom of the ocean.

One must have in mind however that the equilibrium balance depends upon equating pressures of

adjacent water columns, and this in turn dipends on water properties, notably temperature and

,iinity. For example, a column of a few hundred metres of cold saline water will need to be

balanced by a much greater volume of warm low salinity water, so that the latter invariably stands

higher providing hills in the water surface. Such topography can create gradients in the ocean

surface through a metre or so.

Mean sea level at a location changes in time due to many factors: tides, barometric pressure, wind

stress, temperature, salinitY, etc.

For practical purposes it is generally taken to be the elevation of the sea surface above a fixed

local datum, tidal oscillations having been removed. The tidal contribution can be identified and

removed by predictions or by tne apptication of a numerical filter to long series of observations of

sea level. Often a quick estimato ls used based sirnply upon the arithmetic mean of hourly

observations of sea level over as long a period as possible, often over 19 years, since there does

exist a tide which cycles in such a long period.

It is sometimes supposed that the mean sea level determined by averaging the effects of tides and

surges over a year or even several years, is the local level of the geoid. Althorrgh mean sea level

is a-good firsi approximation to the geoid, there are other oceanographic effects such as water

Oensity variationJ, permanent ocean circulation patterns, and atmospheric effects such as mean air

pr"rru6 and winds, which sustain some semi-pJrmanent displacements of the mean sea level from

the geoid.

Ocean surfacc
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Changes in Sea Level

When we talk about the sea level changes, we need to specify which kind of sea level change we

are focussing upon, since there are different terms based upon the particular study. On the one

hand, under the vertical land movements, the main interests include isostatic adjustment, tectonic
effects, sedimentation and human factors such as usage of ground water, deforestation and oil
extraction. On the other hand, under the changes in the level of the ocean surface, melting
glaciers and ice sheets, ocean currents, daily tides, expansion or contraction of water based upon

temperature change and changes in the hydrological cycles are the major interests.

Before we go any further, the definitions of a few useful terms to describe sea level changes may

be necessary for a better understanding of the subject. Some of them are quite abstract and even

scientists may find it confusing on occasion. From time to time, we have been approached by
scientists and the like to clariff some of the definitions. Genuine effort is used to make them as

simple as possible. However, readers may need to refer to more advanced text books.

Secular Change: Long-term changes of mean sea level are called secular changes.
They are changes of mean sea level at a site over long period of
time, typically decades. It is non-periodic tendency of sea level to
rise, fall, or remain stationary with time. Typically a trend,
[technically, secular change] is frequently defined as the slope of a
least-squares line of regression through a relatively long series of
yearly mean sea level values.

Global changes in the mean sea level, representing changes in the
volume of the ocean are named eustatic changes [changes are due
to glacial melting or formation, thermal expansion or contraction
of seawater, etc].

Where sea level has changed through the addition of mass as in the
eustatic case. It is common for the sea-bed to adjust to the change
in load, such adjustments are termed isostatic adjustment [readers
are requested to try the Activity 4 at the end of this module, this
interesting phenomena will be better understoodl. In theory, it is a
condition of balance for all large portions of the Earth's crust. For
example, as a result of erosion or deposition, this balance is put
out of equilibrium and has to be compensated for by movements of
the Earth's crust. In general, areas of deposition sink, whereas
areas of erosion rise.

Vertical land movements of regional extent are called epeirogenic
movements [direct meaning is making of continents]. To be exact,
it is an action of uplift or subsidence of large area of continent or
ocean basins. For example, sea level can change because of the
movement of sea-bed.

Eustatic Change:

Isostatic Adjustmentl

Epeirogenic Movement:

One of the major problems of mean sea level interpretation is the identification of separate eustatic
changes and isostatic adjustment [and epeirogenic changes] when only secular changes are directly
measurable at a particular location, In other words, sea level is determined by some significant
physical processes and these are summarised in the following Table 4.1.
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Table 4.1: Causes of Sea Level Change

Votume of water in the oceans

Global thickness and area of continenul crust
Inputs from: rainfall, snowfall, rivers, ground water,

melting ice, volcanism.

Relative thermal states of the continental and oceanic

crusts [i.e. density and volume of active spreading

ridgesl.

Outputs through evaporation and freezing

Mass of water and sediments in the ocean and the

resultant load on the ocean crust.
Properties: Temperature of water, amount of dissolved

and susPended matter in it.

Sea Level and Global Warming

As stated earlier, globat temperature is believed to be gradually rising' Because of that' the

Earth's surface is maintaineO at a higher temperature than that appropriate to balance the incident

solar radiation. Solar radiation penetrates thJ atmosphere, but some reflected radiation which has

the longer-wavelength is absorbed by the carbon dioxide, ozone, water vapour, trace gases and

aerosols in the atmosphere. observed increases in the concentrations of atmospheric carbon

dioxide due to burning of fossil fuels, and of other components from industry and other human

activity, could lead to a steady increase of global temperature'

The resulting thermal expansion of the oceans and the melting of land ice would increase sea

levels. concern about the possibility of coastal flooding due to this increase has stimulated recent

research into climate oynamics. Accordingly , the souti Pacific sea Level and climate Monitoring

project has been taunthed by the Australian Government since 1991 and the National Tidal

fainfty of The Flinders Unfversity of South Australia has been designated to implement the

project.

From Table 4.1, we may simply identify the factor that potentially has the greatest effect on the

total volume of water in the oieans. The most important factors controlling the volume of water in

the oceans is believed to be the balance between-the freezing and melting of land ice, such as in

mountain glaciers, but also in the thermal expansion of the ocean surface layers'

As mentioned in various basic Physics text books, normal seawater expands in volume by a factor

of -3 x 10! 'C-r. Ignoring gain and loss of water by freezing and thawing, we may expect to

find that the effect oit " C inC."m" in average ocean water temperature of the upper layers over a

very long period of time.

A I . C increase in average temperature would cause the volume of the ocean water to increase by

a factor of -3 x l0'a or 0.03 Vo or so. So far as we are aware there is no suggestion that the

entire depth of the ocean is likely to be warmed by 1 "C. Although the average depth of the

oceans may be taken as - 3500 m, only upper 500 m or so will be considered here as an extreme

example. Neglecting any other change in^iurface area [which may be very srnall in comparison

with the total surface area of the oceans], an average temperature rise of 1 'C throughout the

upper part of oceans [surface to 500 m] would cause the layer depth to increase by 0'03 %, due to

thermal expansion of the water. This is the rise of:

500mx -0.03 % - 0.15 m - 15cm

So, ignoring ice sheets and glaciers, global temperature changes will cause a sea level change of

the order of l0 cm. This does not seem much in relation to the depth of the oceans, but when we
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are considering changes of the order of millimetres for the low-lying atolls, especially in the
Pacific region such as Tuvalu, Marshall Islands, Kiribati and Tokelau, then sea level response to
temperature changes could become an important factor.

Seasonal Changes in Mean Sea Level

The monthly variations in mean sea level at a particular location do not necessarily repeat
themselves exactly from month to month or year to year. Variations in mean sea level over short
periods may be considerably greater but they do not reflect the long term sea level trends. For
example, sea level is relatively high in autumn and low in spring months in the respective
hemispheres as a result of seasonal water density changes. An example of sea level differences
attributable to density differences [although not strictly seasonal in this case] is the -50 cm higher
sea level off the Pacific coast of the United States compared with the sea level off the Atlantic
coast. The Pacific ocean has a lower average density than the Atlantic ocean.

Two seawater characteristics, acting either separately or together, that are capable of causing a
change in the density [and volume] of seawater are saliniry and temperarure. Salinity is important
because of its effect on density and volume and therefore on sea level. Temperanrre is probably
more important than salinity because of the expansion or contraction [volume increase or decrease]

of water that is caused by temperature increase or decrease. Temperature influences on local and

temporal scales are more effective on local and short term. In general, sea level changes related to
density are seasonal.

In general, one can infer that sea level is subject to oscillation due to temperature and salinity
changes which are in turn based upon seasonal changes in precipitation, evaporation and seasonal
wind fields [in particular, Monsoon]. In extreme cases, usually, Monsoonal cases, this annual
oscillation can be large in the order of I m. In non-Monsoonal cases, it is much smaller in the
order of 10 cm in amplirude.

In addition, effects of atmosphere-ocean interaction, such as El Nino Southern Oscillation [ENSO]
can produce large scale variations in mean sea level of up to - 50 cm with corresponding changes
in rate and direction of tidal steams [tidal currents].

Regional Sea Level Change

For regional sea level changes, we refer to the areas of 10 000 km2 or more and from a few tens
to millions of years duration. Sea level changes can be due to isostatic adjustment [due to changes
in load of ice in the oceanl or epeirogenic changes implying mechanisms at work in the solid
Earth, perhaps in the deep Earth crust.

In the first case, one might draw attention to regions in the high latitudes in the Northern
Hemisphere [in Canada and Scandinavia], where the Earth crust is clearly rising in response to the
slow relief of ice-load which was formed during the last ice-age. In Scandinavia, for example,
there exists a region where sea level appears to be falling, at the rate of I cm per year, rather than
rising in response to climate change. What is actually happening is that the land has been rising.
The increase in elevation of the land is an isostatic response to the removal of the ice load that
had depressed the land during Pleistocene [readers are requested to try the Activity 4 at the end of
this module, this interesting ice-loading phenomena will be clearly understoodl.

For the Pacific region in particular, the scale and implications of changing sea level and climate
are more complicated since climate is only one part of the problem of changing sea levels. Others
include the movement of the Earth's crust due to movement of continental plates, active
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volcanoes, and the earthquakes which all occur in the region as a regular feature. One has in

mind, in particular, many islands of Vanuatu are reacting by rising and falling at different rates

due to suCh mechanisms. In these cases, it is necessary to note that the local response of sea level

can well be obscured and disturbed by the volcanic and tectonic effects. In order to separate the

sea level change due to oceanic processes from those due to crustal processes, the vertical

movements of the Earth's crust need to be determined.

It is now clear that the vertical land tnovement is one of the main factors

which can influence the sea level change. Without taking it into account

in sea level measurements, sinking land rnay rnislead us as a sea level

rise. Accorctingly, one of the main conlponents of the South Pacific Sea

Level antl Ctimate Monitoring Proiect is Sun'eying and Geodesy. Regular

survey for vertical land movement in the eleven Pacific island countries

has been conducted since the Project began.

S6metimes, very large scale interaction between ocean and atmosphere can take place over a tlme

scale of the order oi ,uy, 2 to 7 years. The well known El Nifro is one such example' Such

interactions can be associated with a fairly rapid change of water properties ovel a large oceanic

area. Normal precipitation rnay be changed, so affecting regional value of the salinity of the ocean

and disturbances to o..an .urirnts can help to change the ocean temperature over similar regions'

The result is a significant change in regional sea level'

Tides, Sea Level and Residual

Tides can be clearly noticed as a regular rise and fall of Sea I'evel at the coast. This regular rise

and fall also occurs offshore generatty offshore deep water tides are very smalll and in the deep

ocean. This applies to most Pacific island countries. This regular rise and fall occurs virtually

everywhere throughout the ocean. The largest tides are associated with shallow continental

shelves, gulfs and embayments along the continental margin. Tides also produce tidal currents

Itidal stieamsl which are the p.tiodic movement of water from one place to another to

accommodate the sea level change. Tides are also known as long gravity waves and shallow water

waves and they can be accurately predicted for a particular area from the long continuous record

of sea level observations.

Sea Level is a measurable physical quantity and is the result of all influences which affect the

height of the sea surface [M-on, Sun, atmospheric pressure, winds, vertical land movement, some

o"rlu"ogruphic effects, seiimic activity, etcl. Tides are only part of sea level and tide is related in

frequericy, amplirude and phase to astronomical forcing [i.e. gravitational forces of the Moon and

the Sun on the Earthl.

Against the back ground of the tidal motion, the determination of long term sea level trends is

more difficult. Since clearly the tides may have a range of some metres through which a matter of

hours whereas the sea level trend, which is the main focus of the Pacific communify, has a

magnitude of only I or 2 millimetre per year. In order to appreciate sea level trends, it is common

praltice to take long continuous seiies of sea level observations, measured with very accurate

instruments.

The common terminolo gy, sea level residual is equivalent to " observed sea level minus tide" ' The

residual is that part of the observed change in the sea level which is not due to tides' It is due to
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meteorological, seismic activity and many other influences, generated locally or perhaps many
thousands kilometres away [i.e. Tsunamisl. In sea level data analysis, we usually look at the sea

level residual trend or significant residuals (spikes) at a particular time or day to investigate the

causes and scientific reasons so as to justifu why they occur. Strong winds, high or low
atmospheric pressure and water tempera$re are the usual causes in this respect.

Sea level trends remain contained in the sea level residuals, still obscured by the meteorological or
seismic activities, which needs further special treatment, usually by extending the records over
several years and so balancing out the short-term disturbances.

General Meteorological Effects on Sea Level

Meteorological conditions, which differ from the average, will cause corresponding differences
between the predicted daily tides and the actual height of sea level. Variations from predicted
heights are caused mainly by strong or prolonged winds, and by unusually high or low barometric
pressure. Difference between predicted and actual times of high and low water are caused mainly
by the wind.

Effect of Atmospheric Pressure

The annual tidal predictions booklet and calendar produced by the Sea Level and Climate
Monitoring Project since 1996 are computed for average barometric pressure. In fact, a change of
barometric pressure by I hPa may eause - I cm variation in sea level. In order to highlight the

argument more clearly, it may be necessary to look at the following simple example of
atmospheric pressure effect on sea level.

For example, let us say, atmospheric pressure change, AP : I hPa [hPa : hectoPasca[

This pressure change is acting upon the sea surface and the following relationship can be used for
the variation of sea level.

AP:Ahpg

where p : density of sea water, Ah : sea level change due to atmospheric pressure difference
(when a water column is considered) and g = acceleration due to gravity. If we use the typical
values in the above equation:

thPa: tx102Pa: l00Nm-2

Ah x 1026 ks m-r x 9.8 m s'2 : 100 N m'2

Ah-lOtm:lcm

This depression of the water surface under high atmospheric pressure, and its elevation under low
atmospheric pressure, is often described as the invertedbarometer ffict. The water level does not
adjust itself immediately to a change of pressure and it responds to the average change in pressure
over a considerable area. Changes in sea level due to barometric pressure seldom exceed -30
cm, but the effect is important as it is associated with those caused by wind setup since winds are

driven by the pressure gradient. During the tropical cyclone period, the inverted barometer effect
on sea level change could be quite significant as most Pacific islanders are well aware.
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Effect of Wind

The effect of wind stress lstress is like presstffe, force acting on a unit area] on sea level and

hence on tidal heights and iimes is highly variable and it largely depends upon the topography of

the land area. The effect of wind stress at the surface of the ocean is transmitted downwards as a

result of internal friction within the upper layer of water. For example, the greater the speed of

wind, the greater the frictional force acting on the sea surface, and the stronger the surface current

will be. The result is a bigger flood at the coastal region if the wind direction is towards the land'

From empirical observations, it can be stated that the surface current speed is typically about 2 to

3Vo of the wind speed. This is only a rough rule of thumb. Generally, wind will raise the sea level

in the direction of wind speed, which is often called wind setup.

The effect of wind stress is in fact non-linear but increases roughly as the square of the wind

speed. For example, if the effect of a wind speed, t ttl is found to be a sea level perturbation of

y *"tr"r, then thi effect of a wind speed, 2x ms-r is likely to be of the order of 4y metres'

Although it is difficult ro give a general rule for the effect, a strong wind blowing onshore will

pile up the water near the coast and cause high waters to be higher than predicted' If the wind

blows offshore, there will be a reverse effect. in addition, winds blowing along a coast tend to set

up long waves which travel along the coast, raising the sea level at the crest and lowering it in the

trough.

Effect of Storm Surges

Storm surges are long-period surface waves caused by storm winds, usually tropical cyclones in

the Pacific region. In a storm surge, strong winds pile up water along a coast, causing sea level to

rise. When a northwest gale, foi exampli, blows across the North Sea with a fetch of 900 km

from scotland to the Netherlands, sea level can rise more than 3 metres. on March 16, 1997,

during the period of Tropical Cyclone, Hina' a stonn surge, combined with strong waves but

fortunately with low tides, hit Tonga and sea level rose about I m.

In scientific term, the combination of wind setup and the inverted barometer ffict associated with

storms may create a pronounced increase in sea level and is called a storm surge' An additionat

process i1 the form of a long surface wave travelling with the storm depression can further

exaggerate this sea level increase'

The approxirnate height of a storm surge can be calculated-, based upon the atmospheric pressure

change, wind speed and direction, lengili of fetch [wind affected area], water depth, and shape of

the ocean basin. other factors, such as currents, tides, and seiches set up by storms' complicate

the calculations.

A negative surge is the opposite effect, generally associated with high pressure systems and

offshore winds, and can .r*tr unusually shallow water. This effect is of great importance to very

large vessels which may be navigating with small under-keel clearances'

Effect of Local Thermal Expansiort

Thermal expansion occurs not only in solids but also in liquids and gases as- discussed in the

previous section. unlike solids, gases and liquids do not have well defined shapes and

accordingly, the volume expansion needs to be considered' The change of volume' AV' due to

temperature change, AT, can be given as follows:
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AV:BVOAT

where Vo : initial volume and P : coefficient of thermal expansion.

It is interesting to estimate the seasonal change in sea level as a result of solar heating of the
upper top layer. Thermal expansion of the upper layer of the ocean at a particular region is
generally seasonal and it may not affect the long term sea level change. However, if the global
warming is taken into account for a particular locality, that sea level change will be a considerable
addition to the regional sea level change.

lf we consider the upper layer of -50 m for any area, A, the initial volume of sea water, Vo :
50A. As we have used in the previous section, the coefficient of thermal expansion of standard
seawater under normal condition, P - 300 x 10-6 'C'' and temperature change, AT : 1 'C is
taken into account, the following result is obtained.

AV:300x106x50Ax1

If we consider the same surface area, A, the change in volume due to local thermal expansion,
AV can be described as follows:

AV:AAh

where Ah : change in height [or sea level change]

.'. Ah : 1.5 x l0-2 m : 1.5 cm

Accordingly, we may infer that 1 'C temperarure increase over the upper layer of approximately
50 m will raise the sea level by approximately 1.5 cm [some simply say - I cm].

Miscellaneous Effects

As populations, urbanisation and industrialisation increase, humanity's water needs grow. An
enormous volume of rain and river ryater is being delayed on its oceanward path by diversion into
reservoirs and irrigation projects. This volume, about 375 km3 per year by the mid-1980s, is a

significant addition to the total volume of fresh water in the hydrological cycle. Due to this water
storage in reservoirs and irrigation projects, there may be suppression of global sea level rise.

Although for a long time the solar radiant energy received by the atmosphere was thought to be a
constant, it is now known that there are regular fluctuations, which may be as great as 2 Vo or so.

Furthermore, the kind of solar radiation may be a more important factor than the total amount of
radiation received. For example, the intensity of ultraviolet radiation appears to have varied within
wide limits in the past and is highest during times of high sunspot activity. A telling clue comes

from observations of the planet Mars. Mars, like Earth, possesses polar caps that grow white

during the Martian winter seasons and sometimes disappear during the Martian summer seasons.

During one particularly strong period of solar activity, one of the poles of Mars diminished over a
period of a few days and finally disappeared. As the solar activity abated, the Martian ice cap

slowly returned.

Perhaps the glacial activity on Earth, and changes in the level of the world ocean, are controlled
at least in part by changes that take place beyond our planet.
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Different Time Scales in Sea Level Changes

Sea level is subject to numerous short-term changes, some of considerable magnitude' The

principal ones are tidal fluctuations, wind-generated waves, barometrically influenced surges'

tsunamis, freshwater floods, global temperatuie change, and even the waves produced by passing

ships. In spite of all variations, which may amount io l0 or more metres in vertical range, it is

still possible to define mean sea level and to measure changes in it of the order of I mm y-' by

using state of the art instrumentation. This quality of instrument has been used in eleven Pacific

ishnld countries under the Sowh pacific Sea Level and Climnte Monitoring Proiect programme to

measure a long-term sea level change in the Pacific region'

For the recent past, changes in sea level relative to a particular area can be determined by analysis

of tide gauge records. ttris is a complicated task because it has to take into account numerous

seasonal and occasional events as well as regular tidal fluctuations incorporating over 100 terms

arising from astronomical motions, before a ieliable estimate of sea level change can be made' In

fact, a partially complete cycle of long-term tidal fluctuation takes approximately 20 years' It

means that the tength of obslrved sea level data is often less than that period. Consequently, tidal

influences may not be adequately removed from the investigation so that the trends contained in

the observed series are significantly perturbed. In other words, a genuine sea level trend may be

achieved only from long-term sea level observations'

In Table 4.2, some sea level trends at different locations are given for comparison. The 10 year

trends over 1970-1979 period are seen to be sometimes very different from the longer term

trends. These results cteaity indicate that the long-term sea level observation is essential to achieve

a reliable sea level trend. It is also to be noted that the problem could be lack of datr-rm control'

Table 4.2: Sea Level Trends

Trend [mm y'r]Trend [mm y']

85 (1897-1981)

76 0905-1980)10 (70-79)

65 (1916-1980)

The changes of mean sea level over periods of decades or longer are of great- importance for

coastal development and for the design of coastal defences against flooding' over periods of

centuries or longer, the changes may be too great for any economically viable artificial barriers to

give protection against flooding. However, ii is sensible to allow in the design of coastal defence

iystems for predicted changes a century or so ahead'

Conclusions

Any changes in the radiative balance of the Earth, including those due to an increase in

greenhouse gases or in aerosols, will tend to alter atmospheric and oceanic temperature and the

associated circulation and weather patterns. Generally the natural rate of the climate change

throughout history has been, in human term, very slow. Evidences show that climate changes have

taken many tens of thousands of years to occur. The natural rate in the past gives us an

appreciation of the possible rate of climate change which is believed to be occurring because of

the human activities.
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A necessary starting point for the prediction of changes in clinnte due to increases in greenhouse
gases and aerosols is an estimate of their future concentrations. This requires a knowledge of both
the strengths of their sources (narural and man-made) and also the mechanisms of their eventual
removal from the atmosphere (their sinks). The projections of future concentrations can be used in
climate models to estimate the climatic response. We also need to determine whether or not the

predicted changes will be noticeable above the natural variations in climate. Observations are

essential in order to monitor climate, to study climatic processes and to help in the development
and validation of models.

The current predicted change in the Earth's climate, increased through the human activities,
appears to be at a rate far greater than past climatic episodes. These could be catastrophic climatic
events with global warming and sea level changes of several metres happening over decades rather

than millennium. Predictions based on the Intergovernmental Panel on Climate Change [IPCC92]
climate change scenarios for the 2lst century of atmospheric CO, and global average temperature
change are shown in Fig. 4.4.
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Fig. 4.4: Climate change scenarios fbr the 2lst century.

The most obvious consequences of increasing sea level would be coastal erosion and the flooding
of low-lying land. When elevated high tides start to flow over the surface of islands, habitation
will clearly be impossible. However, sea level rise will make low islands inhabitable long before
the island itself is underwater because of the effects of sea water on soil, ground water, coastal
erosion, etc. A schematic representation of the climate change and sea level rise threats to the

low-lying islands is shown in Fig. 4.5.

In addition to the more obvious long term effects which are threatened by climate change and
global warming, other associated hazards are possible. It is suggested that global warming may
well increase the temperature and pressure gradients on the Earth's surface which in turn suggests

that the incidence of severe weather effects, tropical cyclones, storm surges and like phenomena

might increase significantly. Even if the world scale average incidence were to be maintained, it is
highly likely that those latitudinal zones currently exposed, say, to tropical cyclones might well
shift significantly. Consequently, locations not previously accustomed to such hazards may find
that such events will be a cornmon future experience.
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Fig. 4.5: ScSematic representation of Clirnate Change threats to islands and coasts'

The question remains: what should we do now in anticipation of sea level rise? It would be

prem;ture to develop enhanced and expensive sea defences. Global increases in atmospheric

carbon dioxide are well established. There is also evidence of increased global temperature'

However, there is no evidence yet of global sea level increase over and above the 10-15 cm per

century which has been proceeding since tide gauge records began in the early nineteenth century.

It is supposed that an intrease in sea level should follow from an increase of air temperature due

to the *.tting of ice and the warming and expansion of ocean water. This is a likely hypothesis

based on careful but limited scientific analysis.

A first priority must be to improve the scientific understanding on which these predictions are

based, in order to reduce the uncertainties. This research will involve many separate scientific

disciplines, including glaciologists, oceanographers, geodesists, geologists and atmospheric

scieniists. The dangei is ttrat although there may be only a small rise of sea level initially, the real

effects may be concealed for several decades by the thermal inertia of the ocean, meanwhile an

irreversible process may be established.

Another priority is the establishment of a wide sea level monitoring system for the region of

interest, with gauges measuring to common standards as part of a well distributed network' An

initial thought mighr be that meisuring the height of a liquid is a simple task. But when that liquid

is disturbed by surface waves, tides, storm surges, tsunamis, and the other long-term effects

involving water properties, briefly discussed in this Module, it becomes a task which broadens

into being on rhe fringe of impossibility and requires all modern Physics and Electronics to

achieve this kind of measurement.

In the South Pacific region and all around Australia, the network of state of the art equipment,
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namely, SEAFRAME [SEAIevel Fine Resolution Acoustic Measuring Equipment] has been

installed and the South Pacific SEAFRAME network is shown in the following Fig. 4.6. The
design of the South Pacific Sea l,evel and Climnte Monitoring Project was based upon the

proposals made by, the Founding Director of the National Tidal FaciIiD, The Flinders University
of South Australia. The generous financial support has been contributed by the Australian
Government through AusAID [Australian Agency for International Development]. These sea level
measurements from SEAFRAME are extremely accurate and they are a long-term commitment to
identifying and understanding sea level changes for future generation.

The problems of climate change and

modelling and forecasting what may occur
due to global warming are very severe.

Despite much international research effort,
still many questions are unanswered. It is a
major policy of this Project that in the
interest of South Pacific community under
future generation, the most responsible
action which we can take is to conduct a

high resolution sea level measurement over
the broad region of the Pacific and

neighbouring oceanic areas. In so doing, it
is planned to accumulate a very valuable
data bank of sea level data which as the
years, perhaps 20 years, pass will
accurately define the sea level trends under
the variability, so that the present and

future concerns will dissolve.

It0' t70'w l6{t'w

Figttre 4.6: Locality of SEAFRAME gaugcs across the Pacifrc regton.

The fundamental aim of the Project is to provide the Pacific Island Countries with the best

available information and interpretation of the scientific consensus with regard to the clirnate

change mechanism at a time when these communities, most at risk from sea level rise, were

exposed to much media sensationalism. There was proposed an information and training
programme for all levels of society, from the general public, through the media, the technical

communities, and the policy makers. During Phase II of the Project, we are focussing upon

capacity building especially for climate change and sea level issues in the project member

countries and these curriculum modules are major parts of this programme.

Malt the South Pacffic Sea Level and Climate
Monitoring Project prosper, and lottg may it corttinue, as

indeed it nntst if its aints in defning tlrc nature of sea

level are to be achieved.
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Demonstrations and Questions

Activity 1: Historical Climate Statistics

Objective

The objective of this activity is to demonstrate the concept of climate change at a sample locality
where the historical temperature records are available.

Materials

* graph paper
+ ruler
* pen and pencil

Important Points to Understand

$ Scientists do have evidence that the global climate has been different in the past and was,

and still is, subject to natural changes even before the ides of enhanced greenhouse gases.

$ Global temperature is gradually changing according to the long-term temperature records.

$ There are no accurate predictions of what will happen to the Earth's climate with an

increase in greenhouse gases.

Preparation

Before the activity, try to explain that the climate system is very complex so scientists have been

using a combination of mathematical models, the geological record of past climates,
meteorological records and theories on the global atmospheric and oceanic circulation to provide
an estimate.

The information in the following table shows the average winter temperature in central England
from 900-1900 AD.

Year 900 950 1000 r050 I 100 I 150 1200 1250 1300 1350 1400

Temp ['C] 3.46 J.)) 3.62 3.69 3.58 3.69 4.12 4.09 4.05 3.81 3.63

Year 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900

Temp ["C] 3.46 3.65 3.50 3.21 3. l8 3.38 3.55 3.47 3.66 3.9'l

Procedure

(l) Plot on graph paper, time on the horizontal axis and temperature on the vertical axis [be
careful of scalel.
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The period 1550-1700 in Europe is known as the Little lce Age. Can you see evidence for
this?

What can you say in general from the whole plot?

Can you explain why the temperatures in the plot are much colder than the temperatures
in your country?

Activity 2: Thermal Expansion of Water

Objective

The objective of this activity is to demonstrate the concept of thermal expansion of water when
heated.

l\{aterials

* 500 ml conical flask
* two-hole stopper
* hollow glass tube
* thermometer
* ruler
* stand with gauze mat
* bunsen burner
* graph paper

Important Points to Understand

Global temperature is gradually rising according to the long-term temperature records.

Solid, liquid or gas in any shape may expand because of heat.

If this heat from global temperature rise is passed on to the water, water expands and

increases it volume.

(3)

(4)

$

$

$

Preparation

Before the demonstration, try to explain about the volume and volume expansion due to heat by
giving some practical examples.

Then, explain when global warming heats up the upper layers of the oeeallr the volume of sea

water expands. It is this thermal expansion of the ocean water which makes the sea level rise.

Procedure

(1) Fill the flask to the top with water. Place the hollow glass tube and thermometer in the
stopper and gently press the stopper into the flask.
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(2) Mount the ruler so that the water level in the glass tube can be measured.

(3) Heat the water slowly and record the water level at 2 'C intervals. Record the temperature

and water level at least ten times.

(4) Plot your results on a graph paper: temperature versus water level [volume expansion].

Temperature ['C]

Water Level [mm]

Activity 3: Temperature of the Pacific Ocean

Objective

The objective of this activity is to demonstrate how the Earth's temperature has varied gradually
in the past.

Materials

t graph paper
* ruler
* pen and pencil

Important Points to Understand

$ Weather to most of us is rain, clouds, wind and temperature.

$ Generally, climate is thought of as average weather with some information on extreme and
unusual events. The climate statistics of an area depend on the time interval used to
determine average weather and are not constant from year to year, decade to decade or
even century to century.

$ Climate has to be looked at globally because it depends on the joint behaviour of the
world's atmosphere and oceans. However, the starting point is to observe climate
regionally.

Preparation

Try to explain the information in the table which presents the tempera$re at the surface and
bottom of the Pacific ocean for the last 140 million years [m.y.], as measured by a study of
oxygen isotopes in microscopic fossil animals. Although it is noticeable that some bottom
temperatures are amazingly high, in order to not distort the authenticity of the original data set

from the reference, they are expressed in the table with doubt.
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Time [m.y.] Top Temp ["C] Bottom Temp ['C]
0 (present) 22.8 1.9

l0 22.3 2.8

20 22.0 6.2

30 t7.3 5.1

40 21.5 10.4

50 21.8 t2.7

60 2r.3 l l.3

70 21.0 I1.6

80 i4.6 14.8

90 16.0

I [ttr 28.2 r7.9

110 28.2 r5.9

t20 26.5 15.2

r30 26.6 15.l

140 28.5 16.5

Procedure

(l) Plot on graph paper, time on the horizontal axis and temperature on the vertical axis.

(2) Use different colour for surface temperature and bottom temperature or draw a separate
graph for the top and bottom temperature.

(3) Analyse the fluctuation although the time step is 10 m.y..

(4) Analyse the trend of temperature difference between top and bottom by plotting against
time.

Questions

(1) What would you say the temperature of the Pacific ocean is now compared with past
geologic time?

(2) What can you say about the temperature changes at the bottom and at the surface?

(3) Do you have any reason to support your answer in question (2X

(4) What can you say about the trend of temperature differences between top and bottom of
the Pacific ocean?
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Activity 4: When Land Ice Melts!!

Objective

The objective of this activity is to demonstrate what happens when land ice melts and how it is

different from the effect of melting icebergs.

Materials

* A big rectangular container
* piece of wood [approximately 5 cm x 15 cm]
* ice cubes
+ water

Important Points to Understand

$

$

$

$

The Arctic and Antarctica are covered with large, heavy sheets of ice. Other islands like
New Zealand have ice masses in the form of glaciers on them.

When land-based ice melts, more water flows into the sea and sea level rises.

However, the land on which the ice previously rested rises, too when the load is removed.

Icebergs in the ocean are broken off bits of land ice.

Preparation

Try to explain what happens to the continents [and] which are floating on the Earth's molten core

when they are relieved of their heavy burden of ice load.

An increase in elevation of the land is an isostatic response to the removal of the ice load that had

depressed the land.

Procedure

(1) On the surface of the wood, mark the points of the compass N, S, E and W.

(2) From N to S across the surface draws tE-S[ lines at 1 cm intervals.
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Questions

(3)

(4)

(5)

(6)

(l)

/ ?'\

(J,|

(4)

(5)

Along the N and S edge mark lines at 2 mm intervals.

Fill the container with water and place the wood in the water.

Put one or two ice cubes on the N edge of the floating wood.

Watch and note the level of water in the container and on the N and S edges.

What happens to the water level in the container?

What happens to the N and S edges of the block of wood as the ice melts.

Do you think melting glaciers and other land-based ice masses will make sea level rise?

Will it submerge the continents on which the ice used to be?

Most of the world's tide gauges are on the edge of continents that in the recent geologic
past had massive ice sheets on them. Can we get a good measure of trends in the world's
sea levels from such gauges if we do not properly consider the vertical land movements?
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Activity 5: Past Sea Level Data

Objective

The objective of this activity is to feel the changes of sea level in the past'

Materials

* graph paper
* ruler and pen

Important Points to Understand

$ In the past the sea level has not always been the same'

$ If climate changes caused by human activities do not exist, sea level changes by time is a

kind of natural Process.

Preparation

Try to explain that the information given in the following table which lists the sea level for the

last 250 000 years as recorded by ThoriumiUranium dating of coral reefs off Papua New Guinea'

Thousand years befbre Present 0 10 20 30 40 50 60 't0 80

Metres below Present sea level 0 23 l19 54 44 12 55 7l 22

Thousand years before Presenl 90 100 n0 120 130 140 150 160 170

Metres below Present sea level 59 20 48 27 5 l6 123 111 30

Thousand years before Present 180 190 200 2t0 220 730 240 250

Metres below Present sea level 57 87 46 32
,1

25 12 32

Procedure

(l) plot a rime versus sea level graph. Time is on horizontal axis starting from 250 000 years

before present and metres below present sea level on the vertical axis down from the

horizontal.

(2) Remember the time step [10 thousands years] and study the sea level relative to present

level.

Questions

(1) How does the present-day sea level compare with that of the recent past?

(2) What clo you think of the present sea level? Is it alarming?

105



Modale Four Perspectives on Climate Change and Sea Level Variation

General References

Brown, J, A. Colling, D. Park, J. Phillips, D. Rothery and J. Wright (1989) The Ocean Basin:
Their Structure and Evolution: The Open University Course edited by G. Bearmanl,
Pergamon Press, Oxford, l7l pp. [Chapter 6]

Gross, M. G (1987) Oceanograplry: A View of the Earth, Fourth Edition, Prentice-Hall, Inc,
Englewood Cliffs, New Jersey 07632,406 pp. [Chapter 9]

Hicks, S. D (1989) Tide and Current Glossary, U.S. Department of Commerce, National Oceanic
and Atmospheric Administration, National Ocean Service, 26 pp.

Morris B, T. Sadler and W. Bouma (1990) The Greenhouse Effect: Exploring the Theory, CSIRO,
314 Albert Street, East Melbourne, VIC 3002, Australia, 49 pp.

NSTA (1996) Forecasting the Future: Exploring Evidence for Global Climate Change, National
Science Teachers Association, 1840 Wilson Boulevard, Arlington, VA2220l-3000, USA.
149 pp.

Pugh, D. T (1987) Tides, Surges and Mean Sea-Level: A Handbook for Engineers and Scientists,
John Wiley and Sons Ltd, Chichester,4T2 pp. [Chapters 9 & l1]

Ross, D A (1982) Introduction to Oceanography, 3rd Edition, Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, USA, 544 pp. [Chapter 4]

Weihaupt, J. G (1979) Exploration of the Oceanr. An Introduction to Oceanography, Macmillan
Publishing Co., lnc, New York, 589 pp. [Chapter 5]

Wilkinson, C. R and R. W. Buddemeier (1994) Global Climate Change and Coral Reefs:
Implications for People and Reefs, Report of the UNEP-IOC-ASPEI-IUCN Global Task
Team on the Implications of Climate Change on Coral Reefs, SADAG, Bellegarde-
Valserine, France, 124 pp.

Examole of some wavs Carbon enters and leave the Atnrosohere.

106



NOTES:



NOTES:



Ceusrs or RrmvE
Srn Lrv* (RSL) Cunruer

Vorlicol tond Movemenli Chqnggs h Level ol Ocoon Sudoqo:

. lsstdllc odjuslmenls . melting glociers. ice ih66ls

. lgclonic eff*ls . e@n curenls. ltdes

. sdlmenlqtion . hydrologicol cycle chonges

. humon tqclors (groundwotet . erponsion or conlfoclion
ond oil exlroclion). (stgilc ellects).

Enteritus Professor G W Lennon AO:
Founding Director ot' the Nalrillul Ticlal

I"u'ilitt'and retired Dirc'ctol of the Soatlr

Pucilit'Sett Ltrel untl Climutc MtlriktrinN
p11tjtct. l}rrn in UK. his mlin interest is
in physical oeeanography of the coastal
zone rvith spccialisntion in clirnate chiurge

ltntl s.'a lcvcl. He ltas u grcitl plssion in

tidu's ol'both the Occrn und the solid Earth.

Dr C Kaluv,i,r.' Clinratc Changc Officc'r ol'
lhc Srarrh Putilit Seu Level urcl Climute
ll'lonitoring Pn1ict:t bused at the Sbrrllr
Putilic llt'.qiuul Enti nnmwtil P,r)grunnrc.
8r1rn i11 PNG and his tleld of cxpertisc
includes environmctrlal cherrristry.
atmosphe ric sciencc- und planning &
llllnagenrcnt based upon the clirnatc
charrge and sea level lise.

Dr T H Anrrg.' Inlbrmation and Training
Coordinator of the .Sollft Pac'ific Sea lrvel
atut Clinnte Mutitoring, Ptttjtt based at

tl"rc Ncrtioturl Tidol Fucilitt'. Blrm in Bunna
and a carecr physics tcachc-r. kee'n on
children's education. As a wcll tlained
occ'anogrupher, lre lras a special interest in
the dvnunrics of inverse cstuarics and sea

level changcs in thc Pacilic regirxr.

o
5
o
E(,
o
o
o
Lo
oo

o
.!!I
oo
to
o
g
gl
oo

Slowly Ghanging World

moo nN mn xtTE 210,0

Rapidly Glranging World

'85 400 2025 m60 2i'15 2100

ISBN 0-72-58-0636-2




