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-l'he science of meteorology is the study of atmos-
pheric phenomena; it includes the study of both
weather and climate. The distinction between
climate and weather is one of scale. Weather
refers to the state of the atmosphere at a local
level, usually on a short timescale of minutes to
months. It emphasises aspects of the atmosphere
that affect human activity, such as sunshine,
cloud, wind, rainfall, humidity and temperature.
Climate is concerned with the long-term behav-
iour of the atmosphere in a specific area. Climatlc
characteristics are represented by data on tem-
peÍatuIe, pIessuÍe, wind, precipitation, humidity,
etc. which are used to calculate daily, monthly
and yearly averages (Framework 8, page 246) and
to build up global patterns (Chapter 12).
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The atmosphere is an envelope of transparent,
odourless gases held to the Earth by gravitational
attraction. While the furthest limit of the atmos-
phere is said by international convention to be at
1000 km, most of the atmosphete, and therefore
our climate and weather, is concentrated within
16 km of the Earth's surface at the Equator and
8 km at the poles. Fifty per cent of atmospheric
mass is within 5.6 km of sea-level and 99 per cent
is within 40 km. Atmospheric pressure decreases
rapidly \,vith height but, as recordings made by
radiosondes, weather bailoons and more recently
u/eather satellites have shown, tempeÍatule
changes are more complex. Changes in tem-
pelatule mean that the atmospheÍe can be con-
veniently divided into four distinctive layers

206 Weather and climate

(Figure 9.1); moving outwards from the Earth\

sur face:
1 Troposphere Temperatures in the tropo'

sphere decrease by 6.4'C with every 1000 m

increase in altitude (environmental lapse rate,

page 216). 'fhis is because the Earth's surface

is warmed by incoming solar radiation which

in tuln heats the air next to it by conduction,
convection and radiation. Pressure falls as

the effect of gravity decteases, although wind

speeds usually increase with height. 'l'he layer

is unstable and contains most of the atmos-

phere's watef vapour, cloud, dust and po11u-

tion. The tropopause, which forms the uppet

limit to the Earth's ciimate and weather, ls

marked by an isothermal layer where tempet-

atures remain constant despite any increase

in height.
Stratosphere 'I-he stratosphere is charac-
terised by a steady increase in temperature
(temperatr,rre inversion, page 2I7) caused by a

concentration of ozone (O..) (Places 27 , page

209). This gas absorbs incoming ultra-violet
(UV) radiation from the sun. Winds are light

in the lower parts, but increase with height;
pressure continues to fall and the air is dry.

The stÍatosphere, like the two layers above
it, acts as a protective shield against meteor-
ites which usually burn out as they enter the

[,arth's gravitational field. The stratopause is

another isothermal layer where temperatures
do not change wlth increasing height.
Mesosphere Temperatures fall rapidly as

there is no \^/ater Vapour/ cloud, dust oÍ ozone

to absorb incoming radiation. This layer
expeliences the atmosphele's lowest temper-

atures (-90"C) and strongest winds (nearly
3000 km/hr). The mesopause, like the tropo-
pause and stratopause, shows no change in
temperature.
Thermosphere Temperatures rise rapidly
lvith height, pelhaps to reach 1500"C. This
is due to an increasing proportion of atomic
oxygen in the atmosphere which, Iike ozone,

absorbs incoming ultra-violet radiation.
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The various gases which combine to form the
atmosphere are listed in Figule 9.2. Of these,

nitrogen and oxygen together make up 99 per cent
by volume. Of thc others, \ /ater vapour (lower
atmosphere), ozone (O.:) (upper atmosphere) and
carbon dioxide (COt) have an importance far
beyond their seemingly small amounts. It is the
depletion of o.. (Places 27) anď the increase in
CO, (Case Study 9B) rvhich are causing croncern
to scientists.
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The sun is thc Earth's prime sottrce of enet gy. The
Earth receives energy as incoming short-wave
solar radiation (also referred to as insolation). It

is this energy that controls our planet's climate
and weather and wttich, whcn converted by pho-
tosynthesis in green plants, supports all forrns of
life. The amount of incoming radiation received
by the Earth is detelmined by four astronomical
factors (Figure 9.3): the solar constant, the clis-

tance from the sun, the altitude of the sun in
the sky, and the length of night and day. Figure
9.3 is theoretical in that it assurnes there is no
atmosphere arounci the Earth. In leality, much
insolation is absorbed, reflected and scattered as it
passes through the atmosphele (Figure 9.'1).

Absorption of incoming radiation is mainly by
ozone, water vapoul, carbon dioxide and particles

of ice and dust. It occurs in, and is limited to, the
intra-red part of the spectrum. Clottds and, to a

lesser extent, the llarth's surface reflect consider-
able amounts of radiation back into spacc. The
ratio between incoming ladiation and the amount
reflected, expressed as a percentage, is known as

the albedo. The albedo varles with cloud type from
30-40 per cent in thin clottds, to 50-70 per cent in
thlcker Stlatus and 90 peÍ cent in cumulo-nimbus
(when only 10 per cent reaches the atmosphere
below cloucl level). Albedos also vary over dif-
ferent land sutfaces, frorn less than 10 per cent over
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Permanent gases:

Variable gases:

rnen gases:

N0n-gase0us:

0z0ne

poll utants

nitrogen 78.09

oxygen 20.95

Water Vapouř 0.20-4.0

carbon dioxide 0.03

l
I

J Mainly passive

Source of cloud formation and precipitation, refl ects/absorbs incoming

long-wave radiation. Keeps global temperatures constant. Provides

majority of natural'greenhouse effectl

Absorbs long-wave radiation from Earth and so contributes to

'greenhouse efíectl lts increase due to human a(tivity is a major

cause of global warming.

Absorbs incoming short-wave ultra-violet radiation.

5ulphur dioxide, nitrogen oxide, methane. Absorb long-wave radiation,

cause acid rain and contribute to the gÍeenhou5e effeCt.

Absorbýref|ects incoming radiation.

Forms Conden5ation nuclei necessary for cIoud foÍmation '

Needed for plant growth.

Produced by photosynthesis;

reduced by deforestation.

Essential for life on Earth.

(an be Íored as ice/snow.

Used by plants for photosynthesis;

increased by burning fossil fuels

and by deforestation.

Reduced/destroyed by

chlorofluorocarbons ((F(s).

From industry, power stations

and car exhausts.

Volcanic dust,

meteoÍitic du5t,

soil erosion bywind.

0.00006

trace

argon 0.93

helium, neon, krypton trace
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A/oÍe: the figures refer to dry air and so the variab|e amount ofviater vapour is not usuaIly taken into consideration.
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Sun
1 Prime source of energy on Earth and, through photosynthesls, of life,

2 Affects climate:atmospheric motion (winds), ocean currents, type
and amount of precipitation, temperatures.

Ý
lncoming, short-wave (solar) radiation.The amount of
insolation received by the Earth depends upon:

w
the solar constant
This varies according
to sunspot activity
but is relatively
constant, affects
long.teřm cIimate
rather than short
term weather.

v
distance from the sun
The eccentric orbit ofthe
Earth around the sun
(Figure 4.6) can cause a

6 peÍ cent difference in
solar constant.

(.t
altitude of the sun in the sky
Each radiation bundle has twice the area to
heat up at 60'N than at the Equator, therefore
temperatures are lower nearer the poles. Also,
at the EquatoÍ, Iess heat is absorbed/reflected
because there is less atmosphere for the
radiation to pass through.

60'N ' bundles of solar
i:: insolation

-=\-- atmosphere

v
length of day and night
Due to the Earth being tilted at 23r,",there
are several months with no insolation
poleward of 66 "N or S. Between 23..' and
661' N and S, there is one radiation
maximum and one minimum. Between
23' "N and 23 "S, there aÍe two radiation
maxima and two minima.

Earth's radiation

/ max

sunnse sunset sunÍise 5unset

ra(liation reachcs the flat'th's sllrfacre directl,v, \,\,itl

a further'2l pel ccnt arriving at grout-rcl-levcl as

diffusc racliation (figure 9.4). Incouring rac]iatiof
is convertecl into hcat enel'gy \ /hcn it reaches th(

Eartl.t's surface. As the glouncl walms, it radiates
cncrgy back into thc atrnospitelc I,vhele 9'l pcr
ccrtt is absorbecl (on11,6, per cent is lost to spacc),

rrainly bv \vater vaporll an(1 carbon dioxicle - tht

gl'een housc effect (Casc Stuclir 9li). Without the
t.t:ttttral gÍecllltoLlse effect, rvlrich tlaps So much C

the outgoing ťacliation/ \,volld tenlpetatutes r,t'ottl

be .1,'l'{. lowcl than they arc at present and life or

Ealth lr,or,rld bc impossible. (During the ice age,

it was only'1'(l coolet.) 'l-his outg.ing (tcr'estLiall

radiation is long-wave or infra-red lacliation.

insolation

\,.nu*

Ea Íth's
orbit

i

il
I'

Incoming radiation

received by the Earth

(a5suming that theÍe

is no atmosphere)

The solar enerqy

ca5cade

oL-eans ancl dark soil, to l5 pel cent over coniferolrs
tbrcst ancl Lrr'ltan aLcas, 25 per cent ovcr glasslancls
and clcciduous trtlest, 40 pcr cent over light-col-
oulccl cleserts arlcl 85 pclcr.nt over retlccting frt'sh
snon". \,Vhele cleforcstation ancl ovelglazing occur,
thc albeclo incleases. This recluces the possibilitt'of
cloud tirrrnaticxr and prccipitatiolt and increases the
risk of clcsertification (Casc Stutly 7). Scattcring
()ccurs \!hc11 itlr..tllttit.lg ťadiation is clir'er.ted br'' par-
ticles of cltrst, as ťIom volcatlclcs arrd clesel.ts, ot.b1'
rnolecllles of gas. It takes placc in all clilections and
sorne of thc radiati(xr vr,ill r:cach the llalth's surfacc
a S dif-fu se Íadiati()tl.

As a result of absorptiolr, rcflcction ancl scat-
terlir-rg, olr iv aboLlt 2'{ per cent of inc-ornir-rg

small amount absorbed
in stratosphere (1 o/o)

scattering:21olo reaches Earth as
diffuse radiation, remainder
scattered back ir.rto space by cloud
and dust reflection

A/ote:these figures are variable
depending upon thickness of
cloud cover, water vapour content,
amount of dust, etc.

clouds absorb small amounts (3olo)

and reflect larger amounts (230lo)

24% absorbed by the atmosphere

240lo of incoming radiation directly
reaches the Earth's surface

incoming
radiation

(1 00o/o)

small amounts (40lo) reflected back
into space from the Earth s suríace

Earth's surface
450lo of incoming radiation reaches Earth's surface:

direct(24o/o) + diffuse (2'l%) radiation
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ffiw The atmosphere: ozone

The major concentration of ozone is in the stratosphere,

25-30 km above sea-level (Figure 9..1). Ozone acts as a

shield protecting the Earth írom the damaging effects

of ultra-violet (UV) radiation from the sun' An increase

in UV radiation means an increase in sunburn and skin

cancer (fair skin is at greater risk than dark skin), snow-

blindness, cataracts and eye damage, aqeing and skin

wrinkling in humans, as well as having a major impact

on Antarctic organisms.

A deoletion in ozone above the Antarctic was first

observed, by chance, by the British Antarctic Survey

in 1 977, and the first'hole'was described in a scientific

paper published in 1 9B5.The term'hole'is misleading as

it means a depletion in ozone of over 50 per cent (not a

1 00 per cent loss). Each Antarctic spring (September to

November) the temperature falls so low that it causes

ozone to be destroyed in a chemical reaction with

chlorine. At the time there were two main sources of

chlorine:

o the release of chlorofluorocarbons (CFCs) from

aerosols such as hairsprays, deodorants, refrigerator

coolants and manufacturing processes that

produced foam packaging (a long-term effect)

r from major volcanic eruptions, e.g' Mount

Pinatubo (Case Study I - a short-term effect)'

The 1985 paper was followed by a spate of experiments

aimed at trying to establish the causes and probable

effects of ozone depletion.Within two years -
a remarkably short time for international action -

the Montreal Protocol was signed by which the more

industrialised countries agreed to set much lower

limits for CFC production, and subsequently to reduce

this to zero.The agreement came so quickly' and CFC

production dropped so rapidly, that the Montreal

Protocol has been held up as a'model'international

environmental agreement.

lnitially, ozone depletion continued.The first Arctic

'hole'was observed in '!989 following the coldest-

ever recorcled January in that region.The'hole'over

Antarctica continued to grow each year until 2003, by

which time lt had reached its maximum extent and was

affecting populated parts of Chile and New Zealand'

Since then, mainly due to most of the harmful CFCs

having been replaced by gases less toxic to ozone

(though still greenhouse gases), there have been

encouraging signs ofozone replacement and hopes are

high that ozone concentrations will return to normal by

the middle or latter part of this century - a rare success

story for international environment mana9ement'

ln contrast, vehicle exhaust systems generate

dangerous quantities ofozone close to the Earthl

surface, especially during calm summer anticyclonic

conditions (page 234). Under extreme conditions'

nitrogen oxide from exhausts reacts with VOCs

(volatile organic compounds) in sunlight to create a

petrochemical smog.This can cause serious damage to

the health of people (especially those with asthma) and

animals.

Et** h*a"{: fu*td6*ť

Since the Earth is neithel wat ming up nor

cooling down, thcre must be a balancc between

incorning insolation and outgoing terrestrial

radiation. Iigure 9.5 shows that:

,i: thete is a net gain in radiation everywhere on

the Earth's surface (cr-rrve A) except in polar

iatitudes which have high albeclo surfaces

:i: there is a net loss in ladiation throughout the

atmosPhere (curve B)

].i afteÍ balancing tlre incoming and outgoing

radiation, there is a net surplus between 35"S

ancl 40'N (the difference in latitudc is due to

the larger lancl rnasses of the l-rorthern hemi-

sphere) and a net deficit to the polcwarcl sides

of those latitudes (curve C).

This means that there is a positivc heat balance
within the tropics and a negative heat balance
both at high latitudes (polar regions) and high

altitudes. 'fwo maior transfers tlf hcat, ti-rerefore,

take place to prevent tropical areas trom over-

heating (Figure 9.6).

Net gain

125

100

75

A Radiation balance
at Earth's surface

z -_-*--
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ts0
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20020
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B Radiation balance
in atmosPhere\ ---'"

Equator
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Ihe heat budget
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Heat transfers in the

atmosphere

f horizontaltransfer
Ž

1 Horizontal heat transfers Heat is transferred
away from the tropics, thus pleventing the
!,quatol from becoming increasingly hotter ancl
the poles increasingly colder. Winds (air move-
ments including jet streams, page 227 ; ltutri-
canes/ page 235; and depressions, page 230) arc
responsible for 80 per: cent of this heat transfer,
ancl ocean cunents for 20 per cent (page 21 1).

2 Vertical heat transfers Heat is also transferred
vertically, thus pleventing the Earth's sl-trtace
Írom getting hotter and the atmosphere colder.
'l'his is achieved through radiation, conduc-
tion, convection and the transfer of latent
heat. Latent heat is the amount of heat energy
needed to change the state of a substance
without aÍfecting its tempelature. When ice
changes into water or \,vater into vapour, heat is
taken up to help with the processes of melting
and evaporatíon. This absorption of heat results
in the cooling of the atmosphere. When the
process is lcversecl - i.e. vapour condenses into
\,Vatel oÍ water freezes into ice - heat energy is
lelcased and the atmosphere is warmed.

Variations in the radiation balance occur at a

number of spatial and temporal scales. Regional
diffelences may be due to the unevcn clistribu-
tíon of land ancl sea, altitude, ancl the direction of
prevailing wincls. Local variations may result from
aspect and amounts of ckrud cover. Seasonal and
diurnal variations are related to the altitucle of thc
sun and the length of night and day.

#řq:lh*ff $ee*esř$ *€$*{€ř$}g xms***&{*:rt

Factols that influence the amount of insolation
received at any point, and thereÍbre its radiation
balance and heat budget, vary considerably over
time and space.

;;i;;i;ii;;.
',,,.!uio|u!.t.,,t

vertical transfer: radiation ---------> atmosphere
convectton
conduction
latent heat

{"*rt g-ť*rrm ék*ťqxp.s

These are relatively constant at a given point.
:,u Hcight above sea,level 1'he atmosphere is

not warmecl directly by the sun, but by heat
radiated from the Ealth's surface and distrib-
uted by conduction and convection. As the
height of mountains increases, they present
a decreasing area of land surface from which
to heat the sulrounding air. In addition, as

the clensity or pressure of the air decreases, so

too does its ability to hold heat (Figure 9.1).

This is because the molecules in the air which
receive and retain heat become fewer and
more widcly spacecl as height increases.

r.i Altitude of the sun As the angle of the sun
in the sky decreases, the land area heated by a

given ray and the depth of atmosphere through
which that ray has to pass both increase.
Consecluently, the amount of insolation lost
through absorption, scattering and retlection
also increases. Places in lower latitudes therefore

havc higher temperatures than those in higheL
latitudcs.

.:ir Land and sea Land and sea differ in their
ability to absorb, tlansfer and radiate heat
energy. The sea is more transparent than the
lancl, and is capable of absorbing heat down
to a depth of 10 mctres. It can then transfer
this heat to gleateÍ depths through thc move-
mcnts of waves and currents. The sea also has a

gleatel specific heat capaciý than that of land.

SpeciÍic heat capacity is the amount of energ1,.

required to raisc the temperature of 1 kg of a

sr,rbstance by 1'C, expressed in kilojoules per
kg pcr'C. llxpressed in kilocalories, the specific
heat capacity of water is 1.0, that of land is 0.5

and that of sand 0.2.

net radiation
loSs

net radiation
loss
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globaL temperature ("()
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'|his rneans that water requires twice as much
energy as soil and five times more than sand to
raise an equivalent mass to the same temllera-
tule. l)uring summer, therefore, the sea heats

up more slowly than the land. In winter, the
Ieveťse is the case arrd land surfaces lose heat
eneÍSy more rapidly tlran water. The oceans act

as etticient'thermal reservoirs'. This explains
why coastal environmcnts have a smaller
annual r:ange of temperature than locations at

the centres of continents (Figure 9.7).

r, Prevailing winds The temperature of the
n incl is detennined by its area of origin and
by the charactelistics of the surface over
which it subsequently blows (Figure 9.8).

A wind blor'ving from the sea tends to be

\,varmer in winter and coolet in surnmer than
a corresponding wind coming from the land.

,i Occan currents These are a maior componcnt
in the process of hodzontal ttansfel of heat
encrgy. Walm currents crarry \ /ater polewards
and ralse the air tempeÍatule of the malitime
environments where thcy flow. Cold currents

calÍy Water towar ds the Equatol and so lower
the tempet atules of coastal areas (F'igure 9.9).

Season West coast

cool wind

I

The main ocean cuffents follow cilcular routcs

- clockwise in the northern hernisphere, anti-

clockwise in the southern hemisphere.
Figure 9.10 shows the cliffcrence between the

meanJanuaÍy tempelatule of a p1ace and the mcan

January temperatutes of other places with the same

latitude; this ditl'etence is kno\'vn as a temperature
anomaly. ('lhc tetm'temperature anomaly' is used

specitically to describc temperature cliffelcnces from
a mean. It should not be confused with the more
general clefinition of 'anomaly'which refers to

something that does not fit into a general pattern.)

For exarnpie, Stornoway (Figurc 9.10) has a mean

January temperaftlre of .l'C, which is 20'C higher
than the average fol other locatiot'ts lying at 58"N.

Such anomalies rcsult primarlly from the uneven
heating and cooling rates of lancl and sea ancl arc

intensified by the horizontal transfcr of energy by

ocean cunents and prevaillng winds. Rememlrel

that thc sun appears overhead in the southern hemi-

sphere at this time of vear (fanuary) and isotherms

have been reduced to sea-level - i.e . temperatures

are adjusted to eliminate some of the effects of relief,

thus emphasising the influence of prevailing winds,

ocean cunents and continentality.

East coast Season

warm wiňd:
I
)

Summer
Summer WARM
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Major ocean cunents

warm current
+ (raisescoastal

temperatures)

cold current

-;> 
(lowers coastal
temperatures)

-\^'"\\
\ í3(
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Temperature anomalies for

']anuary (afÍer D.(. Money)

S = Stornoway
N - North-east Siberia

s$e*rť.ťerťffi ďg*ť*rs
,i;: $g3setru1 changes At the spring and autumn

equinoxes (21 March and22 September)
when the sun is directly over the Equator,
insolation is distributed equally between
both hemispheres. At the summer and winter
solstices (21 June and 22 December) when,
due to the Earth's tilt, the sun is overhead
at the tropics, the hemisphere experiencing- 'summer'will receive maximum insolation.

*+ Length of day and night Insolation is only
received during daylight hours and reaches
its peak at noon. 'fhere are no seasonal vari-
ations at the Equator, where day and night
are of equal length throughout the year. In
extreme contrast, polar aleas receive no insola-
tion during part of the wintel when there is
continuous darkness, but may receive up to 24
hours of insolation during part of the summer
when the sun neveÍ sinks below the horizon
('the lands of the midnight sun').

*-*ea* *xtť$ ggemaes wm š r*sgř*t**xx

ir Aspect Hillsides alter the angle at which
the sun's rays hit the ground- (Places 28).

212 Weather and climate
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In the northern hemisphere, north-facing
slopes, being in shadow for most or all of the

year, are cooler than those facing south. The

steeper the south-facing siope, the higher the

angle of the sun's rays to it and therefore the

higher will be the temperature. Nolth- and

south-facing slopes are referled to, respec-
tively, as the adret and ubac.

i*; Cloud cover The presence of cloud reduces

both incoming and outgoing radiation. The

thicker the cloud, the greater the amount of

absorption, reflection and scattering of insola"

tion, and of terrestrial radiation. Clouds may

reduce daytime temperatures, but they also

act as an insulating blanket to retain heat at

night. This means that tropical deserts, where

skies are clear, are \^,/armer during the day and

cooler at night than humid equatorial regions

with a greater cloud cover. The worid's greatest

diurnal ranges of temperature are therefore
found in tropical deselts.

a-r: Urbanisation This alters the albedo
(page 2O7) and creates urban 'heat islands'
(page 242).
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Water is a liquid compound which is converted
by heat into vapour (gas) and by colcl into a

solid (ice). 'lhc presence of water serves three

essential purposes:
1 It maintains life on F.arth: flola, in the form

of natural vegetation (biomes) and crops;
and fauna, i.e. all living creatLlÍes, including
humans.

2 Watel in the atmosphere, mainly as a gas,
absorbs, reflects and scatters insolation to
keep oul planet at a habitable tempeÍatule
(ř.igure 9.4).

3 Atmospheric moisture is of vital significance
as a means of transferling surplus energy
from tropical areas eithel horizontally to

polar latitudes or verticaliy into the atmos-
phere to balance the heat budget (Fígure 9'5).

Despite this need for watet, its cxistencc in
a form readily available to plants, animals and
humans is limitcd. It has been estimatcd that

97.2 per Cent of the world,s WateÍ iS in the oceans

and seas; in this form, it is only useful to piants
tolerant of saline conditions (halophytes,
page 291) and to the populations of a few wealthy
countrics that cran afford desalinisation plants
(the Gulf oil states).

Apploximately 2.1 per cent of water in the
hydrosphcle is held in storage as polal ice and
snow. C)nly 0.7 per cent is flesh water found
eithet in lakcs ancl rivers (0.1 pcl cent), as soil
moisture and groundwater (0.6 per cent), or in
the atmosphele (0.001 pel cent).

usually provide the best sites for settlement. In

contrast, north-facing ubac slopes are snow-covered
for a much longer period, they are less suited to
farming, the tree-line is lower, and they tend to be
left forested. However, on the valley floors, as severe
frosts are likely to occur during times of temperature
inversion (page 2'l 7), sensitive plants and crops do
not flourish.
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The effect of aspect in

aneast westoriented

alpine valley in the

northern hemi5pheÍe

W An alPine vatleY: asPect

Many alpine valleys in Switzerland and Austria have
an east-west orientation which means that their
valley sides face either north or south. South-facing
adret slopes are much warmer and drier than those
facing north (Figure 9..1 1). The south-facing slopes
have more plant species, a higher tree-line, and
a greater land use with alpine pastures at higher
altitudes and fruit and hay lower down; also, they

height ofsun ,r*1
on 21 June i Y\*J

bare rock
surfaces with I
snow l

north-facing sloper
in shadow all year ,

(limited insolation)
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W An alPine valleY: asPect

Many alpine valleys in Switzerland and Austria have

an east-west orientation which means that their
valley sides face either north or south. South-facing
adret slooes are much warmer and drier than those
facing north (Figure 9.1 1).The south-facing slopes

have more plant species, a higher tree-line, and

a greater land r,ise with alpine pastures at higher
altitudes and fruit and hay lower down; also, they

heiqht ofsun ,--\
on ž1 June ť }\r'

&€r**spfu *ť*{ ŤYt**sŤeš r*
Water is a liquid compound which is converted
by heat lnto vapour (gas) ancl by cold into a

solid (ice). The presence of water selves three
essential purposes:
1 It maintains life on Earth: flora, in the form

of natural vegetation (biomes) ancl clops;
and fauna, i.e . all living creatures, including
humans.
Water in the atmosphere, mainly as a gas,

absorbs, reflects ancl scatters insolation to
keep our planet at a habitable temperatuÍe
(Figure 9.4).
Atmospheric moisture is of vital significance
as a means of transferring sr-rrplus energy
from tropical areas either holizontally to

bare rock
surfaces with
Snow

polar latitudcs or vcrtically into the atmos-
phere to balance the heat budget (ligure 9.5).

Despite this need for n'ater, its existence in
a form leadily available to plants, animals and
humans is limited. It has been estimated that
97 .2 per cent of the world's urater is in the oceans
and seas; ln this form, it is only useful to plants
tolelant of saline conditions (halophytes,
page 29I'1 and to the populations of a few wealthy
countries that can afforcl desalinisation plants
(the Gulf oil states).

Approximately 2.1 pel cent of water in the
hydrosphere is held in storage as polar lce and
snow. Only 0.7 per cent is fresh water founcl
eíther in lakes arrd rivers (0.1 per cent), as soil
rnoisture and gloundwatel (0.6 per cent), or in
the atmosphere (0.001 per cent).

usually provide the best sites for settlement. In

contrast, north-facing ubac slopes are snow-covered
for a much longer period, they are less suited to
farming, the tree-line is lower, and they tend to be
left forested. However, on the valley floors, as severe
frosts are likely to occu r du ring times of tem peratu re

inversion (page 217), sensitive plants and crops do
not flourish.
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vertical transfer of water vapour

+
I

I

I

transpiration from plants, evaporation from
rivers (land) and seas (oceans) ,.j

condensation gives variou:
types of precipitation (rain

snow, hail, frost, dew,fog

of rain. There must therefore be a constant recl

cling of \,vater bet\^/een the oceans, atmosphere
and land (Figure 9.1.1). This recycling is achievr

through the hydrological cycle (Figure 9.12).

horizontal transfer of

Ihe hydroloqical cycle

(compare with Figure 3.1)

The world's water

balance

AlÍ tempeÍatures and

absolute humidity for

saturated aiÍ

T;;;;i]
l-----l

l
I

I

At any given time, the atmosphele only holds,
on average, sufficient moisture to give evety
place on the Ealth 2.5 cm (about 10 days' suppiyl

evaporatron

of total
evaporaton/

ffi
precipitation ffi
(26 per cent ffioftotat ffi
precipitation) ffi

transfer of water vapour
] 0 peÍ cent (balance of
precipitation/evaporation
over oceans)

evaporation precipitation
(84 per cent of (74 peÍ cent

total evaporation) oftotal
pÍecipitation)

runoff
land

&4*x*'mBď$xy

Humidity is a measure of the urater vapour
content in the atmosphere. Absolute humidity
is the rnass of \ /ater vapour' ln a given volume of

30.04t

17.12 ;'

4.6...,t,

2:.).,--..'"',''""

'10 per cent (balance of - .. .,..-

precipitation/evaporation over land) oceans

aiť measuled in grarns per cubic metre (g/mj)'
Specific humidity is similar but is expressecl

in grams of water per kilogram of air (gikg).

Humidity clepends upon the temperature of th

air'. At any given tempcrature, ther e is a limit tr

the amount of rnoisture that the air can hold.
When this limit is reached, the air is said to be

saturated. Cold air can hold only relatively
sma1l quantities of vapour before becoming
saturated but this amount increases rapidl1,
as telnperatures rise (Figure 9.14). This means
that the amount of precipitation obtained fron

warm air is generally greater than that from
cold ail. Relative humidity (RH) is the amoun
of water vapour in the air at a given tempera-
ture expressed as a percentage of the maximun
amount of vapour that the air could hold at th

temperature. If the RH is 100 per cent, the air i

saturated. If lt lies bctween 80 and 99 per cent,

the air is said to be 'moist' and the weather is

humid or clammy. When the RH drops to 50 p

cent, the air is 'dry'- figures as low as 10 per ce

have been lccorded over hot deserts.
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[onvective cooling

If unsaturated air is cooled and atmospheric
pressure remains constant, a criticai ternperature
wiil be reached when the air becomes saturated
(i.e. RH = 100 per cent). This is known as the dew
point. Any furthel cooling will result in the con-
densation of excess vapour, either into water drop-
Iets where condensation nucleí ate present, or into
ice crystals if the air temperature is beiow 0'C. This
is shown in the following wolked example.
1 The early morning air temperature was 10'C.

Although the air could have held 100 units of
urater at that temperature, at the time of the
reading it held only 90. This meant that the
RH was 90 per cent.

2 l)uling the day, the air temperature rose to
12'C. As the air warmed it became capable
of holding lnolc Watel VapouÍ/ up to 120
units. Owing to evaporation, the reading
reached a maximum of 108 units which
rneant that the RH remained at 90 per cent
- i.e. (108 + 120) x 100.

3 In the early evening, the temperature fell
to 10'C at which point, as stated above, it
could hold only 100 units. Howevel, the air at
that time contained 108 units so, as the tem-
perature fell, dew point was reached
and the 8 excess units of \,vater were lost
through condensation.

{*r*c€*c?s*ť6*$-*
't'his is the process by which \,vater vapour in
the atmosphere is changed into a liquid or, if
the temperature ls below 0'C, a so1id. It usually
results from air being cooled until it is saturated.
Cooling may be achieved by:
1 Radiation (contact) cooling 1'his typically

occurs on calm, clear evenings. The ground
loses heat rapidly through terrestrial radiation
and the ail in contact with it is then cooled

20'c

energy used in expansion
causes a loss of heat and
a drop In temperature

air expands and rises as a
warm bubble of less
dense air

parcel of air next to ground
heated by conduction

by conduction. It the ail is moist, some
vapour will condensc to form radiation fog,
dew, or - if the temperature is below fr eezing
point - hoar frost (page 227).

2 Advection cooling This results from warlr,
moist air moving over a cooler land or sea
surface. Advection fogs in California and
the Atacama Desert (Places 24, page 180 and
page I22) are formed when warm air fiom the
land drifts over cold offshole ocean currents
(Figure 9.9).

As both radiation and advection involve hori-
zontal rather than vertical movernents of air, the
amount of conclensation created is limited.
3 Orographic and frontal uplift Walm, moist

air is forccd to lise either as it crosses a moun-
tain barrier (orographic ascent, page 220) ol
when it meets a colder, denser mass of air at a
front (page 229).

4 Convective or adiabatic cooling 'l'his is
when air is warmed cluring the daytime and
rises in pockets as thermals (Figure 9.1S). As
the air expands, it uses energy and so loses
heat and the temperature drops. Bccause air
is cooled by the recluction of pressure with
height rather than by a loss of heat to the
surrounding air, it is said to be acliabatically
cooled (see lapse rates, page 216).

As both orographic and adiabatic cooling involve
veltical movements of air., they ale moťe effective
mechanisms of condcnsation.

Condensation does not occur leadily in
clean air. Indeed, if air is absolutely pure, it can
be cooled below its dew point to become super-
saturated with an RH in excess of 100 per cent.
Laboratory tests have shourn that clean, satu-
rated air can be cooled to -40'C before condensa-
tion or, in this case, sublimation. Sublimation
is when vapour condenses directly into ice crys-
tals without passing through the liquid state.
However, air is rarely pule and tlsually contaíns
large numbers of condensation nuclei. These
microscopic particles, referrecl to as hygroscopic
nuclei because they attract water, include vol-
canic dust (heavy r ain always accompanies
volcanic eruptions); dust fiom windblown soil;
srnoke and sr'rlphuriC acid oligínating fiom urban
and industrial areas; and salt from sea splay.
Hygroscopic nuclei are most numerous over
cities, where there may be up tct 1 million per
cm3, and least cornmon over oceans (only
10 per cm3). Where large concentrations are
found, condensation can occur with an RH
as lo\,v as 75 per cent - as in the smogs of Los
Angeles (Figure 9.25 and Case Study 15A).

;a:l

ground heated by insolation
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ExampIes oí |apse rates

shown in temperature

-height diagrams

(tephigrams)

a environmental lapse rates (ELR)

1000 m
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temperature 1c)

Lapse á,et*$

The environmental lapse rate (ELR) is the
decrease in temperature usually expected with
an increase in height through the troposphele
(Figure 9.1). The ELR is approximately 6.5'C per
1000 m, but varies according to local air condi-
tions. It may vary due to several factors: height -
ELR is lower nearer ground-level; time - it is lower
in winter ol during a rainy season; over different
surfaces - it is lower over continental areas; and
between different air masses (Figure 9 .I6a).

The adiabatic lapse rate (ALR) describes
what happens when a parcel of air rises and the
decrease in pressure is accompanied by an associ-
ated increase in volume and a decrease in tem-
perature (Figure 9.15). Conversely, descending
air will be subiect to an increase in pressure
causing a rise in temperature. In either case,

there is negligible mixing with the surrounding
air. There are t\ /o adiabatic lapse rates:

1 If the upward movement of air does not lead
to condensation, the energy used by expan-
sion wiil cause the temperature of the parcel
of air to fall at the dry adiabatic lapse rate
(DALR on Figure 9.16b). The DALR, which
is the rate at which an unsaturated parcel of
air cools as it rises or warms as it descends,
remains constant at 9.8'C per 1000 m (i.e.

apploximately 1'C per 100 m).
2 When the upward movement is sufficiently

prolonged to enable the air to cool to its dew
point temperature, condensation occurs and
the loss in temperature with height is then
partly compensated by the release of latent
heat (Figure 9.16b and page 2IO). Saturated
air, which therefore cools at a slower rate than
unsaturated air, loses heat at the saturated
adiabatic lapse rate (SALR). The SALR can
vary because the warmer the air the mole
moisture it can hold, and so the greater the
amount of latent heat released followine

216 Weather and climate

b adiabatic lapse rates (ALR)

246
temperature'(c)

condensation. The SALR may be as low as 4"C

per 1000 m and as high as 9'C per 1000 m. It

averages about 5.4'C per 1000 m (i.e. approxi-
mately 0.5'C per 100 m). Should temperatures
fall below 0'C, then the air will cool at the
freezing adiabatic lapse rate (FALR). This is

the same as the DALR as very little moisture is

present at low temperatures.

&&r stab6&íty artd &ms*abí&B*y

Parcels of warm air which rise through the lower

atmosphere cool adiabatically. The rate and
maintenance of any vertical uplift depend on the

temperature-density balance between the rislng
parcel and the surrounding air. In a simplified
form, this balance is the relationship between
the environmental lapse late and the dry and
saturated adiabatic lapse lates.

stmŘx&řity

The state of stability is when a rising parcel of

unsaturated air cools more rapidly than the air

surrounding it. This is shown diagrammatically
when the ELR lies to the right of the DALR, as

in Figure 9.I7.In this example the ELR is 6'C
per 1000 m and the DALR is 9.8'C per 1000 m.

By the time the rising air has reached 1000 m,

it has cooled to 10.2"C which leaves it colder
and denser than the surrounding air which has

oniy cooled to 14'C. lf there is nothing to force

the parcel of air to rise, e.g. mountains or fronts,

it will sink back to its starting point. The air is

described as stable because dew point may not
have been reached and the only clouds which
might have developed would be shallow, flat-
topped cumulus which do not produce precipita-

tion (Figure 9.20). Stability is often linked with
anticyclones (page 234), when any convection
cullents ale suppÍessed by sinking air to give dry,.

sunny conditions.

1 000
ELR ;n a SW airstream
in summer is 4'C per
1000 m

E

c
'o
c

pornt temperature
had not been reached
and latent heat had not

air cools less rapidly at sALR,e.9
5'C per 1 000 m due to release
of latent heat (note that the
graph appears to get steeperJ

I DALR temperature
I decreases at
I constant rate of
| 9.8'c per looo m

DALR ifdew \
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Instability and cloud

development

cumulo-nimbus
clou0

9.0'c l

at 1000 m, the uplifted
air is now 1.2"C warmer
than the surrounding
air and so it will continue
to rrse
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ELR in this example
(a hot summer day)
is 1 1'C per '1000 m the tempeÍature Wi|| be 1 5.1.C and
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(onditíonal instabiIity

lalsechá*ity
Conditions of instability arise in Britain on hot
days. Localised heating of the ground \varms the
adjacent air by conduction, creating a higher lapse
rate. -fhe resultant parcei of rising unsaturated air
cools less rapidly than the sullounding air. In this
case/ as shown in Figure 9.18, the ELR lies to the
left ol the t-lALR. lhe rising air remains warmer
and lighter than the surrouncling air. Should it
be sufticiently moist and if dew point is reached,
then the upward rnovement may be accelerated
to ploduce towering cumulus or cumulo-nimbus
type cloud (Figure 9.20). Thunderstorms are likely
(Figule 9.2I) and the saturated air, following the
release of latent heat, will cool at the SALR.

Č*xtd řtE*rnaB řxxsťxh6t Í$r
This type of instability occurs when the ELR is
lower than the DALR but higher than the SAt.R.
In Britain, it is the most common of the three
conditions. The rising air is stable in its lower
layers and, being cooler than the surrounding
air, would normally sink back again. However,
if the mechanism which initially triggered the
uplift remains, then the air will be cooled to its
dew point. Beyond this point, cooling takes place
at the slower SALR and the parcel may become
\,varmer than the surrounding air (Iigure 9.19).

It will now continue to rise freely, even if the
uplifting mechanism is removed, as it is now in
an unstable state. Instability is conditional upon
the air being forced to rise in the first place, and
later becoming saturated so that condensation
occurs. 'l'he associated weather is usually fine in
aÍeas at altitudes below condensation level, but
cloudy and showery in those above.

Y*m* p*ratex gg 
Ě etveys**rgs

As the lapse rate exelcises have shown, the temp-
erature of the air usually decreases with altitude,
but there are cer tain conditions when the reverse
occurs. Temperature inversions, where \,varnler
air overlies colder ai1 may occur at three levels
in the atmosphere. Figure 9.1 showed that tem-
peratures increase with altitude in both the strato-
sphere and the thermosphere. Inversions can also
occur near ground-level and high in the tropo-
sphere. High-level inversions are found in depres-
sions where warm air overrides cold air at the
warm front or is undercut by colder air at the cold
front (page 229). Low-Ievel, or ground, invelsions
usually occur under anticyclonic conditions (page
234 and Figure 9.24) when there is a rapid loss of
heat from the ground due to radiation at night,
or when warm air.is advected over a co1d surÍace.
Under these conditions, fog and frost (page 221
and Figure 9.23) may form in valleys and hollows.

uplifted air 1 2.6"C at 1 000 m
(warmer than surrounding air

\ \ and so continues to rise)i
I

t
dew point (cloud base)
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I Cirrus (ice crystals)

Detached, wispy, delicate white clouds
May have feathery filaments, known as
'mares' tails', indicating strong upper
armoSpnete wtnos.
(No preclpitation)

:

High
clouds

Group Height
(km)

13

Middle
clouds

Low
clouds

..':,-,---.-,.....-,.- 2

Ground-level
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6 střatus
(water droplets)

(anvil)

'10 Cumulo-nimbus
(water droplets and ice crystals)

An extreme vertica extension of the
cumulus.lt may develop an 'anvil'at lts
head (ice crystals) and may become
b ack at its base.
(Heavy showers; thunderstorms; hai.,

2 Cirrocumulus (ice crystals) Cc

Thl n layers of smal , g obu ar masses with
a rlppled appearance (also known as
'mackerel sky').
(No precipitation)

3 Cirrostratus
(ice crystals) (+ halo)

A thin, milky layer appearlng iike a veil.
The sun or moon may shine throuqh it
withahaoeffect.
(No precipltation)

o

0

0

l
0

4 Altocumulus Ac
íwate. dropIets and sore iCP (ly5|'d'5l

White grey c oLrd usually resembling
waves or umps, separated by patches
of blue sky.The sun or moon may be
SUrroLtnoeo oy a corona.
(Very occasional, small amounts of
preci pitatlon)

5 A|tostřatus As
/wdter droplets and some i(e crystdlsl

A greylsh, uniform sheet of clouds,
arge y featureless. A'watery' sun may

just be visible.
(Very occasiona , sma I amounts of
preci pitation)

9 Cumulus (water droolets)

Detached, white c oud with a
pronounced flat base and sharp out ines;
grows vertica ly and may resemble a

7 Nimbostratus
(water droplets)

A thick, dark grey black cioud,
usual y uniform but may have
detached, darker patches
beneath it.
(Continuous rain/snow)

8 Strato(umulus
(water droplets)

A grey white, patchy cloud
appearing in long rows or in rolls
(Occasional showers)

Cloud types



f;i*u*ds
Clouds form when air cools to dew point and
vapouÍ condenses into water droplets and/or ice
crystals. There are many ditferent types of cloud,
but they are often difficult to distinguish as their
form constantly changes. The general classifica-
tion of clouds was proposed by Luke Howard in
1803. His was a descriptive classification, based on
cloud shape and height (Figure 9.2O).He used four
Latin words: cirrus (a lock of curly hair); cumulus
(a heap or pile); stratus (a layer); and nimbus
(rain-bearing). He also compiled composite names
using these four terms, such as cumulo-nimbus,
cirrostratus; and added the prefix'alto-' for
middle-level ciouds.

Pree ipEtetBmxx

Conciensation produces minute water droplets,
less than 0.05 mm in diameter, or, if the dew
point temperature is below freezing, ice crystals.
The droplets are so tiny and weigh so little that
they are kept buoyant by the rising air currents
which created them. So although condensation
forms clouds, clouds do not necessarily produce
precipitation. As rising air curlents are often
strong, there has to be a process within the clouds
which enables the small water droplets and/or ice
crystals to become sLrfficiently large to oveÍcome
the upliÍting mechanism and fall to the ground.

'lhele are currently two main theories that
attempt to explain the rapid growth of water
droplets:
1 The ice crystal rnechanism is often referred

to as the Bergeron-Findeisen mechanism. It
appears that when the temperature of air is
between -5"C and -25'C, supercooled water
droplets and ice crystals exist together. Super-
cooling takes place when WateÍ remains in
the atmosphere after temperatures have fallen
beiow 0'C - usually due to a lack of conden-
sation nuclei. Ice crystals are in a minority
because the freezing nuclei necessary for their
formation are less abundant than condensation
nuclei. The relative humidity of air is ten times
gÍeatel above an ice surface than over water.
This means that the water droplets evaporate
and the resultant vapour condenses (subli-
mates) back onto the ice crystais which then
grow into hexagonal-shaped snowflakes. The
flakes grow in size - either as a result of further
condensation or by fusion as their numerous
edges interiock on collision with other flakes.
They also increase in number as ice splinters
break off and form new nuclei. If the air tem-
perature rises above freezing point as the snor /

falls to the ground, flakes melt into raindrops.
Experiments to produce rainfall artificially by
cloud-seeding are based upon this process.
The Bergeron-Findeisen theory is supported
by evidence fiom temperate latitudes where
rainclouds usually extencl vertically above the
treezing level. Radar and high-tlying aircraft
have reported sno\ / at high altitudes when it is
raining at sea-level. However, as clouds rarely
reach freezing point in the tropics, the forma-
tion of ice crystals is unlikely in those latitudes.

2 The collision and coalescence process \ /as

suggested by l.ongmuir. 'Warm' clouds (i.e.

those containing no ice crystals), as found in
the tropics, contain numerous water droplets
of differing sizes. Different-sized droplets are
sv/ept up\ /ards at different velocities and,
in doing so, collide with other droplets. It
is thought that the larger the droplet, the
greater the chance of collision and subsequent
coalescence with smaller droplets. When coa-
lescing droplets reach a radius of 3 mm, their
motion causes them to disintegrate to form a

fresh supply of droplets. The thicker the cloud
(cumulo-nimbus), the greater the time the
dropiets have in which to gIoW and the fasteť
they will fall, usually as thundery shou/ets.

Latest opinions suggest that these two theories may
complement each other, but that a major process
of raindrop enlargement has yet to be understood.

Types *ť Brecipitati**"x
Although the definition of precipitation includes
sleet, hail, dew, hoar frost, fog and rime, only
rain and snow provide significant totals in the
hydrological cycle.

ffmxmf*ff
There are three main types of rainfall, distin-
guished by the mechanisms which cause the
initial uplift of the air. Each mechanism rarely
operates in isolation.
1 Convergent and cyclonic (frontal) raínfall

results trom the meeting of two air streams in
areas of low pressure. Within the tropics, the
trade winds, blowing towards the EquatoÍ, meet
at the inter-tropical convergence zone or ITCZ
(page 226). The air is forced to rise and, in con-
junction \ /ith convection curlents, produces
the hear,y afternoon thunderstorms associ-
ated with the equatorial climate (page 316). In
temperate latitudes, depressions form at the
boundary of two air masses. At the associated
fronts, warm, moist, Iess dense air is folced to
rise over colder, denser air, giving periods of
prolonged and sometimes intense rainfall. This
is often augmented by orographic precipitation.
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movement of upper air

ice crystals have a positive (+) charge +

**+
+

anvil: ice crystals forming
cirrus cloud

-25"C +

a formation of ice crystals: water droplets turn into hail
swept upwards many times
by convection currents

chimney of warm air maintained
by release of Iatent heat

^"- freezing level (release of latent heat)

water droplets swept upwards in convection
curřents (30 m per sec)

uplift of warm, moist air

condensation level and cloud base
- 

"..f- 
- - - (release of latent heat)

+ Z) L
local overheating: equatorial areas daily,

south-east Britain in summer

1.e. hai1, bccornc large enough, they fall
in a dolvndraLlght. The air through r,r,hich
they fall remaills cool as he'at is absorbed bv
ev.rporation.'l'he dor'vnclraught recluces the
warm air supply to the 'chimney/ anal 11-r.r.-
l-ore lirnilr lhe lil-*srt11r Oi thC stlttn. \ttgh
storms are usually accompaniecl by thunder
anc] lightnin$. Honr StoÍlnS dcr''eltlp imnlense
an]ounts of electÍic chalgc is still ntlt fully
undcťstood. One thetlt;l susgests that as rairr-
(lrops are carried upwarcls into coldcl rcgions,
thcy frcczc on thc oLrtside. 'l'his ice-shell
complcsses the water insicle it until thc shell
bulsts and the water freezes into positivcly'-
chargcd icc c-rvstals vi'hile the heaviel shcll
fragments, which are negatively chargecl,
faLl tor'r''arcls thc clor-rd base inducing a posi-
tive chalge on the Earth's surface (Figure
9.21). Lightning is the visible discharge of
electricity betr'r'een clouds or between clouds
and the ground. Thundcr is the sound of the

pressure r'r,'ave created by the heating of air
along a lightning flash. Convection is one
process by whicl'r sulpLus hcat and energy
frorn the Ear-th's surface are tlansfcrrcd verti-
cally to the atrnosphere in order to maintain
the heat balance (Figure 9.6).

Thunclelstorms associatecl with the so-cal1ec1

Spanish plume can affect southern [,ngland
several tinres cluring a hot, sultlv sumtncr. Thev
occur \ ,/hen very hot ail over the Sier r a Nevada
rnountains (souther:n Spain) mo'u'es northwards
over the llay of lSiscay wherc it draws in coolel
rrroist air. Should the resultant storm leach
l3ritain, it can cause flash flooding, landslips
ancl electr icitv blackor,rts.

+ i.:. +
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Orographic or relief tainfall results when
near-saturalted, warrn maritime air is forced
to ríse wlrer.e confrtlntecl b1. a coastal lllotlll-
tain bar.rier.. Mountains r.ec]uce the ÝVatel-
holcling capacity of rising air b,v enforcecl
cooling and can increase the amounts of
cvcrlonic rainfall b1' retalcling the speecl of
cle pr.ession moVelnent. }víotr rrtain s al so tenci
to causc air stleams to converge and funnel
thlough valleys. Rainfall totals increase
where mountains are parallel to thc coast,
as is the Canaclian Coast Range, and where
winds have crossed warm offshorc ocean cur-
rents/ as they do befole reaching thc Blitish
lsles. As air descencls on the leeward sidc of a

lnountain range, it becomes compressecl and
warmecl and condensation ceases, creating a

rainshaclo\4/ effect where little rain falls.
Convectional rainfail occurs when the
glound surfiice is locally overheated and
the acljacent air, heatecl b1. conduction,
erpancls ancl rises. l)uring its ascent, the air
rlass lernains \\rarlner than the surrounding
environmental air ancl it is likely to become
Lrnstable (page 217) with towering cumulo-
nirnbus clouds forming. These unstable
conditions, possibly aLlgrncnted by frontal
or orographic r-rplift, force the air to rise in
a'chimncy'(figurc 9.21). The updraught is
maintaincd by cncrg,v relcased as latent heat
at both condensation and freezing levels. The
cloud sumrnit is characteilsed by ice crystals
in an anvil shape, the top of the cloucl being
flattenecl by upper-air movements. When
the ice crystals anci frozen water droplets,

220 Weather and climate



I I January

.:::,-::.: :,,: :

(auses oíuneven

mowfail patterns

aooss Britain

West€rn Břitain 4 s""*f Scotland
This area receives re|ative|v ť. / ť ,/ čórJ.Jiř'o..n,ctic (Am) is warmed|in|e sn.ow, but in a depression *+in ť ý-'*_, on cro55|n9 the sea and picks up(Pm air): there may.be some E s] é :ý- ) moisture. štitl cotá, ii is forced to rise
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* \ \-trŤ L Easteřn Britain
Sources ofair Í.-''- J' I \,^, \ This area gets its heaviest
(Figure 9.40) F ť- K "J ( snowfa||s when co|d air

Am = Arctic Maritimel_ \ f *\ from therontinent (Pc)

pc=porarcontinental | 1 F \ crossestheNorthsea.

P;=';i;ň;;,:Á"/ l 4-, q y'"iT;i'.|]3lliJll*fi:l
? -) ) .i is later deposited onť.;4. ý; :- 4. coastaI areas,e.g' in.-7n' W*. ",/ ^ í January '1987, párts of

Mi|d sW winds and the "-:!í *3 Kent aÁd East Áng|ia were
influence of North J-- - - ,,r' cut off for several"days.
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Temperature inversion:

radiation fog in a valley,

t(elan0

.,aa:,:a:::.: I

A iow-level temperature

InverSl0n

set*w, sďegťu grď*x*ď #*s* *ga# &grcf
Snow forms under similar conditions to rain
(Bergeron-Findeisen process) except that as
dew point temperatures are under 0"C, then the
vapour condenses directly into a solid (sublima_
tion, page 215). Ice clystals wiil forrn if hygro-
scopic or freezing nuclei are present and these
may aggregate to give snowflakes. As warm air
holds more moisture than cold, snowfalls are
heaviest when the air temperature is just below
treezing. As temperatures drop, it becomes ,toc;

-10 -5 0

temperature "(C)

cold for sno\'v'. Figwe9.22 shows the typical con_
ditions under which snow might fall in Britain.

Sleet is a mixture of ice and snow formec
when the upper air temperature is below
freezing, allowing snowflakes to form, and the
lower air temperature is around Z to 4.C, which
allows their partial meltíng.

Glazed frost is the reverse of sleet and occurs
when water dropiets form in the upper air but
turn to ice on contact with a freezing surface.
When glazed frost forms on roads, iLis known
as 'black ice'.

Hail is made up of frozen raindrops which
exceed 5 mm in diameter. It usually folms in
cumulo-nimbus clouds, resulting from the uplift
of air by convection currents, or at a coid front,
It is more common in aleas wíth warm summers
where there is sufficient heat to trigger the uplift of
air, and less common in colder climates. Hail frc_
quently proves a serious climatic hazard in cereal_
glowing areas such as the American l)rairies.

#gW $xomy #*séu ť*g mrrďrďsr;e
Dew, hoar frost and radiation fog all form under
caim, clear, anticyclonic conditions when there
is rapid temestrial radiation at night. Dew point is
reached as the air cools by conduction and mois-
tule ín the air, or transpired from plants, con-
denses. If dew point is above freezing, dew wiil
form; if it is below freezing, hoar frost develops.
Frost may also be frozen dew. Dew and hoar frost
usually occur within i m of ground-level.

If the lower air is relatively warm, moist and
contains hygroscopic nuclei, and if the ground
cools rapidly, radiation fog may form. Where
visibility is more than 1 km it is mist, if less than
1 km, fog. In order for radiation fog to develop, a
gentle wind is needed to stir the cold air adjacent
to the glound so that cooling affects a gÍeater.

E

=.9')as
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Formation of radiation

fog and smog

metres
300

a Anticyclone builds up

calm, clear anticyclonic
conditions

smoke from industry, power
stations, traÍfic and houses

rising air is cooled, becomes
cooler than the surrounding alr
(stable) and so It sinks

b Radiation fog

sunshine too weak and wind
insuffi cient to disperse fog; warmer,
less dense air acts as a blanket

stratus cloud forms where
cold and warm air meet

cold air cannot rise above
the ceiling of warm, less
dense air

warm, less dense, clear air

smoke, sulphur dioxide, car
fumes, etc. combine with fog
to form smog trapped by
blanket of warm air

radiation fog
forms next to
ground and rivers

air in contact with cold
surface cools further,

increasing the thickness
of the fog

Rime frost, North

Carolina, USA

tl.tickness of air. Racliation fogs usually occur in
valleys, al'e clensest arouncl sunrise/ and consist
of .lťoplets Which aIe sufficiently sl.r.rall to remaitl
buoyant in the air. Fog is likely to thicken lf
tempeťatule inversicltt takes place (Figures 9.23
and 9.21), i.e. when colcl surface ail is trappecl bv
overlving Walmer, less clense ait.. lt is t'lncleÍ such
conclitions, in urban ancl industrial areas, that
smokc ancl othcr pollutants released into the air
aÍe letained as slllog (|igures 9.25 and 15.55).

Advcction fog folms when warm air passes
o\rer or meets with cold air to give rapicl cooling.
in the coastal Atacama l)eselt (l)laces 21, page
180), sufficient droplets fall to the ground as

'fog-drip' to enable some vegetation gro\'\'th.

Rime (Figure 9.26) occurs when supercoolcd
clt oplets of n'ateť, often in thc form of fog, come
into contact with, ancl frcczc on, solicl obiects
such as telegraph poles and trccs.

exrrer'rreý co|d Iand surface

l4*i#r*ss:
This is an umbrella tcrnt fol the prcsence in rain-
Íall of a seťies of polltrtants wl.rich alc pf()duced
mainly Lry the bulning of fossil firels. Cloal-fired
powcr stations, hea\y il.rclustlv ancl \rehide
exhallsts cmit sulphul dioxidc ancl nitrogcn
oxicles. Thcse ale carried by plevailing winds
acloss scas ant] national tlontieťS to be deposited
eithel directly onto the !,altir's sulface as dry c'lepo.

siticln ol to be conveltecl into acicls (sulphuric and

nitlic acid) which fall to thc grouncl in raitr as I'ret

cleposition. Clcan lainwater has a pH value of 5.6,

which is slightly acidic- due to the nattrral presence

of calbonic acid (ciissolved carbon dioxide). lbdal
r.ainfall oveÍ nlost of nolth-nrest E,ulope has a pH

of about 5, the lowest ever recorded bcing 2.2 (the

sarre as lemon juicc).
.l.he 

effects ot acic1 rain ir-rcltrcle the increase
in vvater aciclity r,rrhich caused the cleaths of llsh
and plant life, rnainly in Scanclinarrian rivers and

lakcs, ancl the pollution of fi'csh watet'supplies.
Foťests can be destroyecl aS impoťtant soil nutri-
ents (calcium ancl potassium) are lr,ashed awa,v

and replacecl bv rnanganese ancl alurninium, both

of which are harmful to root growth. ln time trees

shcd theil needles (coniferous) and leaves (clecid-

uous) ancl bccome less resistant to c1roug1.rt, flost

and disease.
However, bctween 1980 and 2000 emissions

of sulphur dioxide wele lecluced by nearly 60 peL

ccnt in Wcstcrn Europe ancl by about .J0 per cent

in Nortlt America (although in China and South-

east Asia they nearly cloublecl, albeit florl a lou

basc). Although thc problem of acid rain still
cxists, it is becoming lcss prorninent, especiallv
in Western Europe wherc rivcrs and lakes are

beginning to recover.

cold land surface, rapid
radiation at night

land surface even colder
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Geographers are interested in describing dis-
tlibutions and in identifying and accounting
for any resultant patterns. Where precipitation
is concerned, gcographers have, in the past,
concentrated on long-term distributions which
show either mean annuai amounts or seasonal
variations. Long-term fluctuations vary consid-
erably across the globe but, nevertheless, a map
sho\^/ing world precipitation does show identifi-
able patterns (Figure 9.27).

Equatolial aleas have high annual Íainfall
totals due to the continuous uplift of air resulting
from the convergence of the trade winds and
strong convectional currents (page 226). The
presence of the I'I'CZ ensures that rain falls
throughout the year. Further away from the
Equator, rainfall totals decrease and the length
of the dry Season íncreases. .l.hese tropical areas,
especially those inland, experience convectional
rainfall in summer, when the sun is overhead,
followed-by a dry winter. Latitudes ad jacent to
the tropics receive minimal amounts as they cor-
respond to areas of high pressure caused by sub-
siding, and therefore warming, air (F'lgure 7.2).

To the poleward side of this arid zone, rainfall
quantities increase again and the length of the
dry season decreases. These temperate latitudes
receive large amounts of rainfall, spread evenly
throughout the year, due to cyclonic conditions
and local olographic effects. Towards the polar
aLeas, where cold air descends to give stable condi-
tions, precipitation totals declease and rain gives
uray to snow. Between 30'and 40'north and south
(in the west of continents) the Mediterranean
climate is characterised by winter rain and summer
drought. This general latitudinal zoning of rainfall
is interrupted locally by the apparent movement of

š'i-l Ý1-. -..-ě

{*.-ťí-
:,,r/b'

the overhead sun, the presence of mountain ran !'es

or ocean currents, the monsoon, and continen-
tality (distance from the sea).

More recently, geographers have become
increasingly concerned with shorter-telm vari-
ations. In many parts of the world, economic
development and lifestyles are lnole closely
linked to the duration, intensity ancl reliability
of rainfall than to annual amounts. Precipitation
is more valuable when it falls cluring the growing
season (Canadian Prairies) and less effective if
it occurs when evapotranspiration rates are at
their highest (Sahe1 countries). In the same way,
lengthy episodes of steacly rainfall as experienced
in Britain provide a more bcneficial water supply
than storms of a sholt and intensive duration
which occur in tropical semi-arid climates. This
is because moisture penetrates the soil more
gradually and the risks of soil erosion, flooding
and water shortages are reduced.

of utmost impoÍtance is the r.eliability of
rainfall. There appears to be a strong positive cor-
relation (Framework 19, page 612) between rain-
fall totals and rainfall reliability - i.e. as rainfall
totals incrcase, so too does rainfall r'eliability. In
Britain and the Amazon Basin, rainfall is reliable
with lelatively little variation in annual totals
from year to year (Figure 9.28).

Elsewher e, especially in monsoon or tlopical
continental climates, there is a pronounced
wet and dry season. Consequently, if the rains
fail one year, the resuit can be disastrous for'
crops, and possibly also for animals and people.
The most vulnerable aleas, such as north-east
Brazil and the Sahel countries, lie near to desert
margins (Figure 9.28). Here, where even a small
variation of 10 per cent below the mean can be
critical, many places often experience a variation
in excess of 30 per cent.

World precipitation

]nean annual totals

an0 sea50nal

dlstribution
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The movement of air in the atmospheric system
may be vettícal (i.e. rising or subsiding) or hori-
zctntal; in the latter case it is commonly known as
wind. Wincls result from differences in air pres-
sure which in turn may be causecl by ditferenccs
in temperattlre and the force exerted by gravity,
as pressure decreases rapidly with height (Figure
9.1). An inclease in temperature causes air to heat,
expand, become less dense ancl rise, creating an
area of low pressure below. Conversely, a dlop in
tempeÍatule produces an alea of high pressur.e.
Differences in pressure are shown on maps by
isobars, which are lines ioining places of equal
pressure. To draw isobars, pressure readings are
normally reduced to represertt pressure at sea-
level. Pressure is rneasured in millibars (mb) ancl
it is usual for isohals to be drawn at 4 mb intervals.

----------)
wind direcLion b high pressure

/uY iit"Ú

Average pressllre at sea-level is 1013 mb. HoweveL,
the isobar pattern is usually rnole important in
terms of explaining the wcather than the actual
flgures. The closer together the isobars, the greateL

thc diffelence in pr essut e - the pressure gradient
_ ancl the stÍongel the wind. Winc1 is natule's wat.

of balancing out differences in pr.essurc as well as

temperature and humidity.
Figure 9.29 shows the two basic pressure

systems which att'ect thc British Isles. ln adcli-
tion to the diÍ.ferences in pressure, winc1 speed
and wind direction, the diagrams also show that
wínds blow neither directly at right-angles to the
isobars along the plessure gr adient, nor parallel to

them. This is due to the effects of thc Coriolis tbrce

and of friction, which are aclditional to the forccs
exertecl by the pressure graclient and gravity.

T,fu* flwrB*&Ég s*rc*
If the Earth did not rotate and was composed
entilely of either lancl or water, there would be
one large convection cell in each hemisphere
(Figure 9.30). Surface winds would be parallel to
plessure gradients and would blow dilectly Í}orn
high to low pressure areas. In reality, the liarth
does rotate and the distribution of land and sea

is uneven. Consequently, more than one cel1
is created (Figures 9.34 and 9.35) as rising ai1
wanned at the Equator, loses heat to space - thele
is iess cloud coveÍ to rctain it. and as it travels
fut the r from its souÍce of heat' A Íurthel conse-
quence is that moving air appears to be deflected
to the right in the northern hemisphere and to
the left in the southern hemisphele. This is a

result of the Coriolis force.

: ::: .:'l::: ':. )::

The two basic

pressure 5ystems

affecting Britain

a low pressure

winds blow towards the centre (rising as
they do so) at an angle slightly across the
isobars and in an anticlockwise direction;
winds are usually strong due to the steep
pressure gradient
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air flows in a clockwise direction
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cold air descends,
creating high pressure
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low
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|:e*tý.j* Imagine that Person A stands in the centre of

Air movement on a a large rotating disc and throws a ball to Person B,

|otationjree EaÍth standing on the edge of that moving disc' As Person
A watches, the ball appears to take a curved path
away from Person ll - due to the fact that, while the
ball is in transit, Pelson B has been moved to a ne\ /

position by the rotation of the disc (Figure 9.31).
Similarly, the Earth's rotation through 360'every

?.4!:?e,.j1 24 hours means that a wind blo'wing in a noltheÍly
direction in the northern hemisphere appears to

The (oriolis force

i;ffi*.,| have been diverted to the right on a curved tralec-

hemisphere tory by 15' of longitude for every hour (though to

Person B's Person B's oosition

an astronaut in a space shuttle, the path would look
straight). This helps to explain why the prevailing
winds blowing from the tropicai high pressure zone
approach Britain from the south-west rather than
from the south. In theory, if the Corioiis force acted
alone, the resultant wind would blow in a circle.

Winds in the upper troposphele, unaffected
by ftiction with the Earth's surface, show that
there is a balance betv/een the forces exerted by
the pressure gradient and the Coriolis deflection.
The result is the geostrophic wind which blows
parallel to isobars (Figure 9 .32). The existence of
the geostrophic wind was recognised in 1857 by a

Dutchman, Buys Ballot, whose law states that'if
you stand, in the northern hemisphere, with your
back to the wind, low pressure is always to your left
and high plessuÍe to your right,.

Friction, caused by the Earth's surface, upsets
the balance between the pressure gradient and the
Coriolis force by reducing the effect of the latter.
As the pressure gradient becomes relatively more
important when friction is reduced \ /ith altitude,
the wind blows across isobars towards the low pres-
sure (Figure 9.29). Deviation from the geostrophic
wind is less pronounced over water because its
surface is smoother than that of land.

>
-+

POLE

cold air descends,
creating high pÍessure

position when ball ís thrown
whenball &
rprrho< ,.t1':"'^ r i ball 'apoears'to
edoeG I l'.,
:;'- \ i curvetotheright
: \ \ and to miss Person Bdrsc \

w
Person A throws
from centre of disc

direction \ '4, 
:

ďrotation ,:Í}''

0'0rsc

l0l2 mb 1008 1004 1000

1 the pressure gradient:winds

2 the Coriolis force

'| Planetary 5000-10000

2 Synoptic(macro) 1000-5000

3 Meso-scale 10-'1000

4 Small (mirro) 0.1-10

4 friction reduces Coriolis
force: wind blows at
a gentle angle across
the isobars and towards
the Iow pressure

Although defining four levels, he stressed that there
were important intelrelatíonships betl,veen each
(Figure 9.33).

Ř *xienar*hy *Ě mtm<xspřt&ť$€ ffi"eeš$&ř}

An appreciation of the movement of air is funda-
mental to an understanding of the workings of
the atmosphere and its effects on our weather and
climate. The extent to which atmospheric motion
influences local weather and climate depends on
\^/inds at a varieý of scales and their interaction in
a hierarchy of patterns. One such hierarchy, which
is useful in studying the influence of atmospheric
motion, \ /as suggested by B.W. Atkinson in 1988.

ťi1ist*4.3Ž

The geostrophic

wind and the

effect offriction
(in the northern

hemisphere)

Low
pÍes5ure

\
high pressure zone

Earth (disc) rotates frol'l Úy'est1o east

tžgxr*?.33

A hierarchy ofatmosphere motion

systems (oíter Atkinson' 1 988)

Rossby waves, ITCZ

Monsoons, hurricanes,

depressions, anticyclones

Land and sea breezes,

mountain and valleywinds,

fóhn, thunde6torm5

Smoke plumes, urban

turbulence
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It has already been shown that there is a surplus
of energy at the Equator and a deficit in the outer
atmosphere and nearer to the poles (Figure 9.6).
Therefore, theoretically, surplus energy should be
transferred to aleas with a deficiency by means oÍ
a single convective cell (Figure 9.30). This would
be the case fol a non-rotating Ealth, a concept
first advanced by Halley (1686) and expanded

by Hadle;' (1735). The discovery of three cells
was made by Ferlel (1856) and refined by Rossbl,

(1941). Despite many modeln advances using
radiosonde readings, satellite imagery ancl com-

puter modelling, this tricellular model still forms

the basis of our understanding of the general cir"

culation of the atmosphere.

Th* crs**$$as**r r::{}d*l
'l'he meeting of the trade winds in the equatorial
region forms the inter-tropical convergence
zone, or ITCZ. The trade winds, which pick up

Iatent heat as they closS lvaÍm/ tropical oceans,

are forced to rise by violent convection cur-
rents. The unstable, warm, moist air is lapidh'
cooled adiabatically to produce the towering
cumulo-nimbus clouds, frequent afternoon
thunderstorms and low pressure characteristic
of the equatorial climate (page 316). It is these

strong upwald currents that form the 'powel-
house of the general g1obal circulation' and
which turn latent heat first into sensible heat

and later into potential energy. At ground-leve1,
the ITCZ experiences only very gentle, variable
winds known as the doldrums.

As rising air cools to the te mperature of the

surrounding environmental air, uplift ceases and

lt begins to move away from the Equator. Further

cooling, increasing density, and diversion by the

Coriolis force cause the air to slow down and
to subside, forming the descending limb of the

Hadley cell (Figures 9.34 and 9.35). In looking
at the nolthern hernlsphere (the southeln is its

mirlor image), it can be seen that the air subsides

at about 30'N of the L,quator to create the sub-

tlopical high pressure belt with its clear skies ano

dry, stable conditions (Figure 9.36). On reaching
the F,arth's sulface, the cell is completed as some

of the air is retulned to the Equator as the north-

east trade winds.

cumuto-
nimbus
clouds

Hadley cell

(mirror image
in southern
hemisphere)

cold air sinks giving
n19n pressure ano
dry, stable
conditions

{
I

7-10km
/ weak
ý Pn|ar rcl| warm airl\' Pole 

rises

high pressure
at poles:divergence PFJS "

PFJS polar front jet stream
STJS sub-tropical jet stream
ITCZ intertropical convergence zone

warm air from tropics meets
co|d air Írom polar areas:
instability; depressions

convergence and Ferrel cell
uplift create an area oÍ
low pressure: depressions

horizontal movement
by warm, south-westerly
winds

diveigence and STJS 
'

subsidence create an
area of high pressure

I

horizontal tranifer , l,

by trade winds

descending airwarms by
compression, giving
cloudless, stable
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cold air sinks

YPFer l!rcoolsas lt moves
northwards and
therefore sinks

Hadley cell

:ll

. .,.,,::l" air cools to
temperature of

warm surrounding air:
air rises instability;

a-----____

I 5-20 km

converqence at ITCZ
of trade winds: uplift ,ta2
creales area oT tow
pressuře (doIdrums)
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Tricellular model to show

atmospheric circulation ln

the northern hemisphere

and within the tropopause
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Itleteosat geosynchro-

nous satellite. Notice

the douds resulting

Íom upIift at the |T(Z

(not a (ontinuous belt),

the dear skies over the

5ahara, the pola r front

over the north Atlantic,

and a depresion over

Britain

The remaining air is diverted polewards,
forming the warm south-westeriies which collect
moisture when they cross sea areas. These \ /arm
winds meet cold Arctic air at the polar front
(about 60"N) and are uplifted to form an area of
low pressure and the rising limb of the Ferrel and
Polar cells (Figures 9.34 and 9.35). The Íesultant
unstable conditions produce the hear,y cyclonic
rainfall associated with mid-latitude depressions.
Depressions are another mechanism by which
surplus heat is transferred. While some of this
rising air eventually returns to the tropics, some
travels towards the poles where, having lost its

heat, it descends to form another stable area of
high pressure. Air returning to the polar front
does so as the cold easterlies.

This overall pattern is affected by the apparent
movement of the overhead sun to the north and
south of the Equator. This movement causes the
seasonal shift of the heat Equatol the ITCZ, the
equatorial low pressure zone and global wind and
rainfall belts. Any variation in the characteristics
of the ITCZ - i.e. its location or width - can have
drastic consequences for the surrounding cli-
mates, as seen in the Sahel droughts of the early
1970s and most of the 1980s (Case Studv 7).

four to six in summer and three in winter. J'hese
waves form a complete pattern around the globe
(Figure 9.37b and c).

Further investigation has shown that the
velocity of these upper westerlies is not inter-
nally uniform. Within them are narrov,r bands of
extremely fast-moving air known as jet streams.
Jet streams, which help in the rapid transfer of
energy, can exceed speeds of 230 km/hr, which
is sufficient to carry a balloon, or ash from a
volcano, around the Earth within a week or two
(Figure 9.39 and Case Study 1). Of five recognis-
able jet stleams, tv/o aÍe particularly significant,
with a third having seasonal importance.

t:l,l,yi1;'".;.
:gg

ffi*sshywoav*$ emď j*t sťrem*.gtg

F,vidence of strong winds in the upper troposphere
first came when First World War Zeppelins were
blown off-course, and several inter-war balloons
were observed travelling at speeds in excess of
200 km/hr. Pilots in the Second World War, flying
at heights above 8 km, found eastward flights
much faster and their return \^/est\ /ald journeys
much slower than expected, whiie north-south
flights tended to be blown off-course. The expia-
nation was found to be the Rossby waves, which
often follow a meandering path (Figure 9.37a),
distorting the upper-air westerlies. The number of
meanders, or waves/ varies seasonally, with usually
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Rossby waves a nd jet

stream5 (n0ÍtheÍn

hemisphere)

The polar front iet stream (PFJS, Figure 9.34)
varies between latitudes 10" and 60" inboth
hemispheres and Íbrms the division between the
Ferrel and Polar cells, i.e. the boundary betl4/een

warm ttopica] and co|d po]aÍ afu. The PF'[S varies
in extent, location and intensity and is mainly
responsible for giving fine or wet weather on the
Earth's surface. Where, in the northern hemi-
sphere, the jet stÍeam lnoves south (Figure 9.38a),

it brings with it cold air which descends in a clock-
lvise direction to give dly, stable conditions associ-

ated with areas of high pressure (anticyclones,
page 231). When the now-warmed iet stream
backs nolthwards, it takes with it warm air which
rises in an anticlockwise direction to give the
strong winds and hear,y rainfall associated with
areas of low pressure (depressions, page 230). As

the usual path of the PI.JS over Britain is oblique -
i.e. towards the north-east _ thís accounts fot our

frequent wet and windy weather. Occasionaily,
this path maybe temporarily alteredby a station-

ary or blocking anticycTone (Figures 9.38b
and 9.48) which may produce extremes of clímate

such as the hot, dry summers of I97 6 and 1 989 ot

the colcl-lanuary of 1987.
The subtropical let stream, or STJS, occurs

about 25' to 30' from the Equator and forms the

boundary between the Hadley and Ferlel cells
(Figures 9.34 and 9.35). This meanders less than

the PFJS, has lower wind velocities, but follows a

sirnilar \ /est-east path.
The easterly equatorial jet stream is more

seasonal, being associated with the summer
monsoon of the Indian subcontinent (page 239).

viewed from above North Pole c in summer

; usual path
ofjet stream

a temporary area

of high pressure

blocks the jet

stream, causing it

to divide so that

depressions can

pass to the north

and south of
Britain

i| ?}L1ť.: 
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Iou,n of jet stream

a Rossbywaves
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The po|ar front jet íream
(PFJ5) (northern hemisphere)

NP North Pole
R ridge
T trough

b in winter

a the PFJS

'l;:,il.:iÍlT'l

;7
trougn

(low pressure)

a
noge

(high pressure)

areas carried
southwards

b the PFJS with blocking anticyclone

1 1th
Speed slows, but fuel
consumption better
than expected. Balloon
heads towards Hawaii
Where Branson dítched
previous December

1 5th
Voice contact re

established after
four-day silence.
Stfong winds now
carrying the balloon
at 160 km/hr.

6th
AVoidíng action
taken to skirt no-fly
zones in Yemen.
Fresh food runs out.

'l8th
Pilots report being short
of breath and have to
take oxygen.Jones
believes cause is build-
up of carbon dioxide in
rne capsule.

Jet stream over Africa
takes balloon east.
Towards Libya, Piccard
climbs out ofcapsule to
hack off ice. Outside
temperature below -25'C

20th
By crossing longitude
9.27.W, BÍeit]ing orbiter
3 completes the frrst
circumnavigation of the
globe in a balloon.

1st
Breitling Orbiter 3

carryinq Bertrand
Piccard and Brian lones
leaves shielded Swiss
valley chosen as launch
5ite to aIlow saíe
inflation of balloon.

20th
Touchdown in

Egyptian Desert
(Mut) 500 km
south-west ofCaifo

47 030 km
(29 225 miles)

1 9 days 21 ho!6
55 minutes

0rbiter 3's fl rst ba | | oon fllg ht around the woild
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Rossby waves and jet

streams (northern

hemisphere)

't'he polar front jet stream (PFJS, figure 9.34)
varies between latitudes 40'ancl 60'in both
hernispheres and forms the division between the
Ferrel and l)olar cells, i.e. the boundary between
walm tropical and cold poiar ail. The PFJS varies
in extent, location and intensity ancl is mainiy
responsible for giving fine or wet weather on the
Ealth's surface. Where, in the northern hemi-
sphere, the jet stream moves sor,rth (Figure 9.38a),

it brings with it cold air which descencls in a clock-
l,r,ise clirection to give dry, stable conditions associ-
ated with areas of high pressure (anticyclones,
page 234). When the now-warmed jet stream
backs northwards, it takes with it \ /arm air which
rises in an anticiockwise direction to give the
strong winds and hear,y rainfall associated with
areas of low pressure (depressions, page 230). As

the usual path of the PI.JS over Britain ls oblique

1.e. towards the north-east - this accounts for ouL

frequent wet and wincly weathel. C)ccasionallti

this path may be temporarily alteted by a station-

ary or blocking anticyclone (Figutes 9.38b

and 9.48) which may produce cxtremes of clinutt

such as the hot, dry summers of I97 6 and 1989 oL

the coldJanuary of 1987.

The subtropical jct stream, or STJS, occun

about 25' to 30" from the Equator and forms tht

boundary bet\^/een the Hadley and Ferrel celis

(Figures 9.34 and 9.35). 'l'his meanders less thar

the PFJS, has lower wind velocities, but follollsil

similar west-east path.
'lhe easterly equatorial jet stream is mole

seasonal, being associated with the summer
monsoon of the Indian subcontinent (page 2391

viewed from above North Pole c in summer
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of high presswe

blocks thejet

stream, causrnq t

to divide so that
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(northern hemisphere)

b the PFJS with blocking anticyclone

1 1th
Speed slows, but fuel
consumption better
than expected. Balloon
heads towards Hawaii
where Branson ditched
previous December

1 5th
Voice contact re

established after
four-day silence.
Strong winds now
carrying the balloon
at '160 km/hr.

6th
Avoiding action
taken to skirt no-fly
zones in Yemen.
Fresh food runs out.

1 8th
Pilots report being short
of breath and have to
take oxygen.Jones
believes cause is build-
up of carbon dioxide in
the capsule.

Jet stream over Atrica
takes balloon east.
Towards Libya, Piccard
climbs out of capsule to
hack off ice. Outside
temperature below -25"C

20th
By crossing longitude
9'27.W, BÍeitl jng orbiter
3 completes the first
circumnavigation of the
globe in a balloon.

Piccard and Brian Jones
leaves shielded swiss
valley chosen as launch
site to allow safe
inflation of balloon.
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The concept of ail rnasses is important because
air masses help to categorise world climate typcs
(Chapter I2).ln legions where one air rnass is
dominant all ycar, there is little seasonal valia-
tion in weather, for example at the tropics and
at the poles. Areas such as the British Isles, where
air rnasses constantly interchange, experience
much greater seasonal and diurnal variation in
their weather.

&!r ffiasggg g**"*d ťyepgtt*; k*w {fu*y xť$***
t$.E€ ffiťit*$*t *$$*s

If air remains stationary in an alea fol sevelal
clays, it tends to assume the temperature and
humidity properties of that area. Stationary air
is mainly found in the high pressure belts of the
subtropics (the Azores and the Sahara) and ín
high latitudes (Siberia and northern Canada).
The areas in which homogeneous air masses
develop are called source regions. Air masses can
be classified according to:
* the latitude in which they originate, which

determines theil tempeÍatuÍe _ Arctic (Á),

Polar (P), or Tropical (7)

Ťj the natule of the surface over which they
develop, which affects their moisture content
- rnaritirne (tt), or continental (c).

The five major air rllasses which affect the British
Isles at various times of thc year (Anr, Prn, Pc, Trrt

and 7c) are derived by combining these char-ac-
teristics of latitr,rde and hr.rrnidity (Figure 9.40).
When air [iasses move flom their source region
thev are modified by the surface over which they
pass and this alters their temperature, humidity

and stability. For examplc, tropical air: moving
northwards is coolecl and becornes ntore stabl.,
while polar ail rnoving south becornes warmer
and increasingly r-rnstable. lrach air mass there-
fore brings its own char acteristic weathel condi-
tions to the British lsles. 'l-he gcncral conditions
expectcd with eatlr air rnass art.gir rrr ilr
Figure 9.41. However, it should bc rernembered
that each air rnass is uniclue and dcpendent on:
the climatic conditions in the source region at
the time of its dcvelopment; the path which it
subsequently foilows; the season in which it
occurs; and, sincc it has a three-dimensional
form, the vertical chalacteristics of the atmos-
phere at the tirne.

When two air masses rncct, they do not mix
reaciily, duc to differences in tempclature ancl
density. The point at whlch they mect is called a

front. A warm front is found where warm air is
advancing and being forced to override cold air. A
cold front occuÍs when advancing cold air under-
cuts a body of warm air. In both cascs, the rising
air cools ancl usually procluces clouds, easily seen
on satellite weather photographs (Figures 9.67
and 9.68); these cloucls often generate precipita-
tion. Fronts may be several hundred kilometres
wide and they extend at relatively gentle gradi-
ents up into the atmosphere. The most notable
type of front, the polar front, occurs when warm,
moist, Tnr air rneets colder, drier, Pm air. It is at the
polar front that depressions form. Depressions
are areas of low pressure. 'I'hey folm most readily
over the oceans in mid-latitucles, and track
eastwards bringing cloud ancl r ain to \^/estern

mar gins of continents.

Air masses that affect

the British lsles
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sšPolar maritime (Pm) Very
common air mass over BritaÍn.
Gives cool conditions
throughout the year.Warms
sl!9htly as it crosses the
Atlantic to become unstable
in its lower layers. Gives heavy
showers as it crosses
hjghlands, separated by bright
intervals. Associated with
cumuloform clouds.

Good visibility. Often strong winds and gales occur after the
passing of a cold front.

Arctic maritime (Am) Very cold conditions in
Winter;coId in spÍing; rare in summer. S|owly
heats up as it crosses the sea, picking up some
moisture and becoming unstable in its lower
IayeÍs' snow in Winter in scotland; haiI ln spring,
often in heavy showers. Usually good visibility.
often Iasts severaI days.TemperatUÍes in London
may be 'iust above fÍeezing point in Winter and
precipitation is limited. Winds often strong in
the north.

Wind

\
ý))
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:j!;.::,:: :: 
:; 

.',. :

Air masses and the

British weather

'wave'on the
polar front

-:,:.,1aa,,:.::.:.

Life cycle ofa

depression:Stage 1 -
embryo depression

**g*'*:xsit;;r*
The poiar front theory was put forward by a
gÍoup of Norwegian meteolologists in the early
I92Os. Although some aspects have bcen refined
since the innovation of radiosonde readings and
satellite imagery, thc basic model fol the forma-
tion of frontal depressiorts Íemains valid. The
following account dcscribes a'typical' or'model'
depression (Framework 12, page 352). It should
be remembered, hou/evei', that individual depres-
SÍons may vary widely from this model.

Depressions follow a life,cycle in which three
main stages can be identified: embryo, maturity
and decay (Figures 9.42, 9.43 and 9.44).

rolder. dcnser nnlar air
undercuts the warmer air

Polar continental (Pc) Gives very coro
tempeÍatures in Winter (London below0.C).
Begins stable, buL warms slightly crossing
the North Sea to become unstable in lower
layers and giving heavy snow in eastern
Britain (bright and
clear on west coast).
Often lasts several
days if block!ng
anticyclone interrupts
prevalIing WesteÍ|ies.
Wind chill factor is
high. !fthis air stream
occurs in summer,
it brings warm
conditions and is
more stable.

1 The embryo depression begins as a small
v/ave on the polar front. It is here that warm,
moist, tropic al (Tm) air meets colder, drier,
polar (Pm') air (Figure 9.42). Reccnt studies
have shown the boundary betnrecn the two
air masses to be a zone rather than the simple
linear division claimed in carly models. The
convergence of thc two air masses results in
the warmer, Iess dense air being forced to rise

in a spiral movement.'fhis upward move-
ment results in ,less, ail at the l.]arth,s suÍfacť'
creating an area of below-average or lo\,v
pressule. 'fhe developing depression, with its
\ /arm front (the leading edge of the tropical

north-
westerly

Pm and Tm meet along the polar front.
Formation of depressions with warm and
cold fronts which give heavy rain (frontal
and orographic).

A

warm front marking
advance of warmer air

cold front marking
advance of colder air warm, moist, lighter, tropical

air is forced upwards over the
colder air

//'/

give thundery showers. Winds usually moderate to fresh.

Třopi(aI mařitime (Tm)
A common air mass over Britain.
Occurs during warm sector of a
depression.Very mild and wet in
winter,with a thick cloud cover.
Often stratus cloud giving hill and
coastal [og. Poor visibiiity. No frost
Warm in summer,lhough not hot.
Lower air is stable but if forced to
rise over hills the upper layers can
become conditionally unstable to

TřopiCaI continenta| (T() only occUrs
in summer when sub-tropical high
pressure moves nořth. HeatwaVe
condition5 (1976,.1989).VeÍy stable in
lower layers (drought),though uppeÍ
layers may become unstable with
thunderstorms (convectional uplift).
Gentle winds, dusty haze. North,west
Scotland can be cloudy and wet.

/l/a
((G
\

\..
\'ru
fuji
?, I
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Winds bIoW anticIockwisÁ
into the depression and
increase in strength as the
pressure gradient
lncÍeases

air) and cold front (the leading edge of the
polar air), usually moves in a north_easterlv
direction under the influence of f he upper
westerlies, i.e. the polar front iet stream.

2 A mature depression is recognise<1 by the
increasing amplitude of the initial wave
(Figure 9.43). Pressure continues to fall as more
warm air, in the warm sector, is forced to rise.
As pressure falls and the pressure gradient
steepens, the inward-blowing winds increase in
strength. Due to the Coriolis force (page 224),
these anticlockwise-blowing winds come from
the south-west. As the relatively warm air of
the warm sector continues to rise alons the
warm front, il evenlually rools lo dew point.
Some oí its vapour wi|| condense to reIease
large amounts of latent heat, and clouds will
develop. Continued uplift and cooling will
cause precipitation as the clouds become
both thicker and lower.
Satellite photographs have shown that there
is likely to be a band of ,meso_scale precipita_
tion' extending several hundred kilometres in
length and up to 150 km in width along, and
just in front of, a výarm front. As tempelatures
rise and the uplift of air tlecreases within the
warm sectol thele is iess chance of precipi_
tation and the low cloud may bleak to give
some sunshine. The cold front moves faster

\004
cloud and rain
linked to

1008

and has a steeper gradient than the warm
front (Figure 9.45).
Progressive undercutting by cold air at the
rear of the warm sector glves a second episode
of precipitation - although with a greater
intensity and a shortel duration than at thc
warm front. l'his band of meso_scale pre-
cipitation may be only 10_50 km in width.
Although the air behind the colcl front is
colder than that in advance of the warm
front (having originated in and travellecl
through mole noÍtherly latitudes), it becomes
unstable, forming cumulo-nimbus clouds
and heavy showers. Winds often reach their
maxrmum strength at the cold front and
change to a more north-westerly clirection
after its passage (Figure 9.4S).

3 l'he depression begins to decay when the cold
front catches up ttre warm front to Íblm an
occlusion or occluded front (Figure 9 .a!. By
this stage, the Tm air will have been squeezed
upwards leaving no warm sector at grouncl-
level. As the uplift of air is reduced, so too
are (or will be) the amount of condensation
the release of latent heat and the amount
and pattern of precipitation _ there may be
only one episode of rain. Cloucl cover begins
to decrease, pressure rises and wincl speeds
decrease as the colder air replaces the upiifted
air and 'infills' the depression.

occlusion: cold front has caught up
the Warm íront and a|l the warm air ^^^
has been uplifted; no further decrease- 9t"

1000

rn pressure; in-blowing winds begin to
'infill'thedepression \

\ \rooo

stÍong Winds in steep pressuře
gradient decrease as depression
begins to fill; brighter, showery-
weather, \

\ -7004

\
\ cotd air

\

band ofcloud /and /
precipitation /
alonSfrony/

warm sector:

cold air undercuts and
forces the warm air to rise;
pÍecipitation results from
the warm air being cooled

1012- warm moist, tropical
air being 'squeezed'
upwards tooB

warm air rises over cold air and is
cooled to dew point, giving condensation,
clouds and precipitation

:i::z:z:.:ž 'i'')

Life-cyde ofa depression:5tage 2 - maturity

'trailing' cold front: further
waves likely to develop,
forming new depressions

?!-.|;?Í'ž r!j:,

Lrfe cycle ofa depresion: Stage 3 - decay

coldest air: drawn from
co1d, polar, source areas
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Weather associated

with the passing

of a typical mid

latitude deoression' 9000
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Wind direction

Wind speed

TempeÍatuře
(e.9. winter)

Relative
humidity

Cloud
(Figure 9.20)

Precipitation

Visibility

tropopause
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Cb
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uppqr-air w.esterliei (jet stream):
deeresslo.n movef 

,ngrth-eastwards

warm sector

AC
warm airforced
to ilse
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fall ceases

veers from SSE to 5W

strong (e.9. force 5-6)
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high during precipitation

low and thick Ns
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xos
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cold air

reac! ft ont riqhL to IefI (i.e. from I ta 5)

cold air
u noercuttr ng
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sl0wly

NW

squally; speed slowly

decreases (e.9. force

3-6)

cold (e.9.3"C)

rapid fall

decreasing; in

succession, (b and (u

neaVy 5noweÍ5

very good; poor in

sn0WeÍs

sudden rise

VeersÍíom sW to NW

Veíy5tÍong to 9aIe
force (e.9. force 6-8)

sudden decrease

SW

decreases (e.9. force 2-4)

warm/mild (e.g. l0'()

Ns

:. " i;

.: .l\.

, l: .'"ti',":i
Pressure rise continues more

high durinq steady and high

precipitation

very th ick and low or may clear; 5t, Sc, Ac

towering (b

short period oíheavy drizzle or stops raining

rain or hail

poor often pooÍ

steady fall

ssE

sIowly increases (e.g. Íorce 1 -3)

cool (e.9.6'Q

5|0W Íl5e

hiqh and thin; in succession, (i, (s,

Ac, As

n0ne

good but beginning to de(rease

Storms in southern England

South-east England: 'The Great Storm',
16October1987
This storm, the worst to affect south-east England

since I703, developed so rapidly that its severity

was not oredicted in advance weather forecasts.

11 Octoberz High winds and heavy rain forecast for

the end ofthe week.

1 5 October 1200 hrs: Depression expected to move

along the English Channel with fresh to strong winds.

2130 hrs: TV weather forecast: stronq winds
oustino to 50 km/hr.

1 6 October OO30 hrs: Radio weather forecast:
warning of severe gales.

0130 hrs: Police and fire services alerted about
extreme winds.

0500 hrs: Winds reached 94 km/hr at Heathrow and

1 0O km/hr on parts ofthe south coast.

0800 hrs: Centre ofdepression reached the North
Sea. Winds over southern England dropped to
50-70 km/hr.

1200 hrs:'The Great Storm'was over.
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Centre 960 mb
0600hrsl6October

*. *l}y pÍedicted path

.-'--{t'" actual path

The storm began on 15 October as a smallwave
on a cold front in the Bay of Biscay, where the
few weather ships give only limited information.
It was caused by contact between very warm air
from Africa and cold air from the North Atlantic.
It appeared to be a'typical'depression until, at
about 1800 hrs on 15 October, it unexpectedly
deepened giving a central pressure reading
of 964 mb and creating an exceptionally
steep pressure gradient. The exact cause ofthis
is unknown but lt was believed to result from a

combination of an exceptionally strong jet stream
(initiated on 13 October by air spiralling upwards
along the east coast of North America in Hurricane
Floyd) and extreme warming over the Bay of Biscay
(see hurricanes, page 235).Together, these could have
caused an excessive release of latent heat energy
which North American meteorologists compare
with the effect of detonating a bomb. lt was this
unpredicted deepening, combined with the change
of direction from the English Channel towards the
Midlands, which caught experts by surprise.

The depression moved rapidly across southern
England, clearing the country in six hours (Figure
9.46). Winds remained light in and around the
centre (Birmingham I3 km/hr), butthe strong
pressure gradient on its southern flank resulted in

severe winds from Portland Bill (102 km/hr, gusting to
1 4 l km/hd to Dover (1 1 5 km/hr, gusti ng to 1 67 km/hd.

Although the storm passed within a few hours, and
luckily during the night when most people were

asleep, it left a trail of death and destruction. There
were .l 

6 deaths; several houses collapsed and many
others lost walls, windows and roofs; an estimated
'I 5 million trees were blown over, blocking railways
and roads; one-third ofthe trees in Kew Gardens
were destroyed; power lines were cut and, in some
remote areas, not restored for several days; few
commuters managed to reach London the next
day; a ferry was blown ashore at Folkestone; and
insurance claims set an all-time record.

Once every 50 years, winds exceeding 100 km/hr
with gusts of over 165 km/hr can be expected north
of a line from Cornwall to Durham, and even stronger
winds, gusting to 185 km/hr, once in 20 years in
western and northern Scotland.The winds associated
with the Great Storm were remarkable not so much
for their strength as for their occurrence over south-
east England. Here, the predicted return period can
be measured in centuries rather than decades.

1O March 2008
Southern Britain experienced the worst storm for
over 20 years with winds of 150 km/hr recorded
on the lsle of Wight and torrential rain falling over
Wales and southern England. Flights to and from
Heathrow were either cancelled or diverted and
there were delays at other London airports. Cross-
Channel ferries to France and lreland were also
cancelled and over 'l 0 000 homes in south-west
England lost their electricity.

/,,
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'The Great 5tormi
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Centre 958 mb
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An anticyclone is a large mass of subsiding air
which produces an alea of high pťessule on thc
Earth's surface (Figure 9.47). The sourcc of the
air is the upper atmosphere, where amounts of
Wateř Vapoul are limitecl. on its c]escent, the ail
\'vanns at the DALR (page 216), so dry conditions
result. Pressure gradients are gentle, rcsulting in
weak winds or calms (Figure 9.29b). Thc winds

blow outwards and clockwise in the northern
hemispherc. Antlcyclones rnay be 3000 km in
diameter - much larger than depressions - and,

once established, can give several days o1 under

extreme conditions, several weeks, of settled
wcathel. Thcle are also differences, again unlike in

a deprcssion, bctween the expected weather con-

ditions in a summel and a winter anticyclone.

klťegť& gr e*ř}ďÍťieas *rer 8řfé#ťť}
Summer l)ue to the absence of cloud, there
is intense insolation which gives hot, sunn1, davs

(up to 30"C in southern l)ngland) and an absence

of rain. Rapicl radiation at night, under clear
skies, can lead to temperature inversions and
the formation of dew and mist, although these

rapidly clear the following molning. Coastal
areas may experience advection fogs and land
and sea breezes, while highlands have mountain
and valley winds (pages 24O-24I).lf the air has

its source ovel North Africa - that is, if it is a Tc

air mass (Figule 9.40) - then heatwave condi-
tions tend to lesult. Often, after several clays ot

incleasing thennals, there is an increasecl risk of

thunderstorms and the so-called Spanish plume
(page 22O).
Winter Although the sinking air again gives
cloudless skies, there is little incorning radiation
cluring the day due to the low angle of the sun.

At night, the absence of clouds means low tem-

peratures and the developrnent of fog and fiost.
These may take a long time to disperse the next
day in the weak sunshine. Polar continental (Pr:)

air (Figure 9.40), with its soulce in central Asia
and a slow movement over the cold European
Iand mass, is cold, dry and stable until it reaches

thc North Sea where its lowel layers acquile some

warmth and rnoisture.'l'his can cause heavy
snowfaLls on the east coast (I.'igure 9.22).

&f*r&{*r g {řř? ťřťyďř&š?es
These occur when cells of high pressure detach
themselves from the major high pressure areas

of the subtropics or poles (ligure 9.38b). Once
createcl, they last for several days and 'block'
eastward-moving depressions (Figure 9.48) to
create anomalous conclitions such as extremes of

temperature, rainfall ancl sunshine - as in Britain
in the summer of 1995 and the winter of 19U7,

A blocking anticyclone over Scandinavia: the

upper westerlies divide upwind ofthe block

and í|ow around it with their asso(iated rain

fall; there are positive temperature anomalies

within the southerly flow to the west ofthe

block and negative anomalies to the east

Anticyclone over

the British lsles

/1
frontalprecipitation,

/---.-t
tracks of frontal depressions
upper. wester|y fl Ów with
frontal depressions

surface flow

positive temperature anomalies

negative temperature anomalies

,H

/

--____>

@
o 1 0'E

i \.)

234 Weather and climate



Ťrn*r16;+i ťl;r{:!il+ít*s at low ]c\'els, and can have a ciiat.neter of up tcl"'*'iJ'erlLJ'.:L'i q t

'iiopical cycrlones are systems of intense low pres- 650 knl' utllike deprcssions' hurricanes occur
re. anes, lyphrltlns antl .. '....ř...'...''.'.' Isure kno\,vn locally as nurrlcanes, typhoons ancl Ivhen tetllperatures' plessurc ancl ilurniclitv a

cyclorres (f iguťe 9.49). l hey at.e clraracterisecl by uniftlrrn tlvet.a wicie area it.l t1rc lcl,ur,er tropcl-

' ' ; of extreme velocity ancl are accompanieclw.rnos .f 
""tr"r'r-r" 

r,el.citv or-r.t ara acc.moaniecr' spher e for a lengtbv periocl' and anticyclonic
, cortrlitionr exist in tlte uppcr tlo|o.rp5.r.. ;L.r*

D\- tolrenuall ratnlall - t\,ro tactorS LnaL can cause' ._-.,.,., .r.,..^.,._.,..-.r r........r:ri{.. /r)r.,._.,.. 2r conditions are essential forthe clevelopnient,r'videspreacl clarnage and loss of life (l)laces .31,

page 238). i\s yet, there is still insufficient con- neat the lrarth's sttrface' of intcnsc lorv irressure

clttsive evic1ence as to the process of theiÍ itlrma- anc1 strrlng lvincis. .lb 
enable thc hurricane tr.l

tron, although knowlecige has been consicle'rably tnove' there must be a continuous sorrrcc of heat

rmprovecl recentl), due to airflights through anci to maintain the rising ait cttrrents' Thcrc rnust

over individual svstems, anci the use oi r'veather also be a large suppl'v of moisture to pÍovidc the

' "'tcs. Tropical cvclones tcnd to develop: larell,T llear/ releaseo I ' ' /e
sar.r'tcs. Troricar cvcrones tcnd to develon: latent heat, released bt'condetlsatio. to drir

..] ovcrnaťmtlopicaloceans,where sea thest()rllllntlttlprtrvic1etheheal'yrainfal].It

tenlpeÍatures exceecl 26"C and where thele is estir-n:rted that irr a single c]av a hutricane Can

is a considelable depth of n'arln water rclcase an amotrnt of energy equivaient to that

... in autullln, r'vhen sea tempelatules aÍe at their leleased bv 500 0()0 at.mic bombs the size of the

highest ' one dtopped on Hiroshirtta in tht: Second Worlcl

,:, lnthetraclew'inclbelt,r,r,herethesurface w'ar'onlyr'l'henthcstormhasreachecl matut'ity

i,r,.inclsrtanlastheyblowtowar.dsthelr)quator doestheccntralcyedevelop Thisisanareaof

Dťt\\.ťťnl.ltltLlLltr\.) allLll(,' noItnorsoLttn strbsiding0ir,sttmc3U_5()krnill(|ianlctť|.,\Vilh

'' the h,cluator (near er to the flquator the'r the h,ouat.r (nearer t. the flouat.r the light u''inds' clcar skies and anotnalous high

L-orlolls rorce is l'srlrrlcient ro enaDle rne temperatures (Figure 9'50)' Thc clescencli'g alr

feattrre to ,spin,_ page 225). increases instabilitv by warming and cxaggerates

once formecl, thev mor..e r,vestv'ards -.ften on the sto'n's intensitv'

erratic, unpredictable courses - sivinging pole- 
'['he huilicane rapidly deciines oncc the

' on reaching lancl, rvhere their energy is source of heat is tenloved' i'e' when it moves
\\ atro (

rapic1l,v clissipatec1 (Figure 9.49). They are anclther rlr,er crllcler WateÍ oť a land surfacc; these increase
friction ancl cannot suuph' s r-rff icicnt rnoisture.mechanisrrr by which surp1us enelgy is tťans. -'.'.'"..-''. '..:'''''.

awav from thc tropics (|igurc g.6). The average lifespat of a tropical cyclone isrcrrco awa\/ Irclm tnc troplcs (l'lgurc v'{r')' 
7 to 14 clavs. l he characteristic r,r,eatheL concli-

iďa'grl.g;*gt*'$ tions associated ll'ith the passage of a typical
Hulricanes are the tropical cyclones of the hurricanc are shoi,vn cliagrarnrnatically in

': ',' 1 Atlantic. Thev forni aftel the ITCZ has moved to Figurer 9.50, ancl frorn space in Figure 9.51.
Globallocation and lts rnost northerlv extent enabling ail to converge
mean freouencv of

troDi(al c\/clones

i, -' .)':-eti ťl *ll i n] r. í ,''./ ,/ ..\. \ !./'-4j ..5 lnl ! .\

i 9 ffil"::::,"J""J,..o'*' August _ october ::il:"." Hurricane local name t--] sea tempeÍature over zz.C }
í cyc|ones per year - occurÍence 
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Weather asociated

with the passage

ofa hurricane or

tropi(al cyclone
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Tropical cyclones are a major natural hazard
which often cause considerable loss of lifc and
damage to property and crops (l)laces 31). There

are four main causes of damage.
1 High winds, which often exceed 160 km/hr

and, in extreme cases, 300 km/hr. Whole
villages may be destroyed in economically
less developed countries (of which there are

many in the tropical cyclone belt), while even

reinforced buildings in the south-east USA
may bc damaged. Countries whose economies
rely largely on the production of a single crop
(bananas in Nicaragua) may suffer serious
economic problems. lilectricity and
communications can also be severed.
C)cean storm (tidal) surges, resulting from
the high winds and low pressurc, may inun-
date coastal areas, many of which are densell'
populated (Bangladesh, l)laces 19, page 148).

Flooding can be caused either by a storm
(ticlal) surge ol by the torrential rainfall. In
I97 4, BOO 000 people died in Honduras as

theÍr flimsy homes wcre washed away.
Landslides can result from heavy rainfall
where buildings have been erected on stcep,

unstable slopes (Hong Kong, Figure 2.33).
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ffi Hong Kong: typhoon warning, r May 1999

'The Number B signal may be raised today as
Typhoon Leo moves closer to Hong Kong. lts
approach forced the Hong Kong observatory to
hoist the strong wind signal Number 3 yesterday
afternoon [Figure 9.52] - the first time it had ever
been raised in April [Figure 9.55]. Leo intensified
into a typhoon yesterday, with central wind
speeds of up to 1 30 km/hr. At midnight, it was
3 1 0 km south-south-east of Hong Kong, and
was moving at about B km/hr [Figure 9.53]. The
typhoon is expected to be closest to Hong Kong
early tomorrow morning, by which time weather
will deteriorate further and average rainfall could
exceed 500 mm [Figure 9.54].

The Educatíon Department has ordered
kindergartens,schoolsforthe mentallyand
physically handicapped, and nursing schools to
remain closed.The Home Affairs Department's
temporary shelters will open if SignalB goes up.
People in need of shelter can make enquiries by
calling the hotlinel

Source: South China Morning PosÍ

'l A tropical (ycl0ne is centred within about 800 km of Hong Kong.

' Hong Kong is placed on a state ofalert because the tropical cyclone

I,u isapotentialthreatandmaycausedestructivewindslater.

] Strong wind expected or bIowing, with a sustained speed oí- 4l-ilknlhr a nd gusts that may exceed 1 10 km/h r. The timing
ofthe hoisting ofthe signal is aimed to give about 1 2 hours'

advance warning of a strong wind in Victoria Harbour but the

warning period may be shorter for more exposed waters.

Gale or storm expected or blowing, with a sustained wind speed
of 63-1 1 7 km/hr from the q ua rter indicated and g usts that may

exceed l B0 km/hr. The timing of the replacement of the Strong
Wind Signa I No.3 by the appropriate one ofthese fou r signals, is

aimed to give about ]2 hours,advance warning oía gale in Victoria

Harbour, but the sustained wind speed may reach 63 km/hr

within a shorter period over more exposed waters. Expected

changes in the direction ofthe wind will be indicated

by corresponding changes ofthese signals.

Typhoon signal
No.3 hoisted at
4.1 5 pm on 30 April

\ 
Weather chartfor

Hong Kong,8 pm

on 30 April 1 999

i Minh City

east to northeast force 6 to 7, bec 7 to 8 later.

Wind: east to southeast force 7 to 8.

Hong Kong adja(ent waters: East to northeast force 7 to 8, up to force 'l 
O later

today in the south.Occasional heavy rain. Rough to very rough seas

,,,.:,a:,':.'J;,

Typhoon warning

system, Hong Kong

',a:::,1.,1:.

Typhoon warning

rignals, Hong Konq

Stlongwind-. ,., 1',1;

A Tropica| dělptésrio!

[isten to weather broadcasts. Some preliminary precautions

are desirable and you should take the existence ofthe tropical
cyclone into ac(ount in planning youractivities.

Take all necessary prerautions. Secure all loose objects, particu-

lar|y on baIconies and rooftops. Secure hoardinqs, scaífolding and

temporaÍy struCtures. (|ear gutters and drains. Take fuII precautions

for the safety of boats. Ships in port normally leave for typhoon

anchorages or buoys. Feny services may soon be affected by wind or

waves. Even atthis stage heavy rain accompanied by violet squalls

may occur.

(omplete all precautions as soon as possible. lt is extremely
dangerous to delay precautions until the hoisting ofNo.9 or

N0.10 signals as these are signals ofgreat urgency. Windows

and doors should be bolted and shuttered. Stay indoors when
the winds increase to avoid flying debris, but ifyou must go out,

keep well clear ofoverhead wires and hoardings. All schools and

law courts close and ferries will probably stop running at short
notice. The sea-level will probably be higher tha n normal, par-

ticularly in na rrow ÍnIets. |f this happens near the time of normaI

high tide then low-lying areas may have to be evacuated very

quickly. Heavy rain may ca use flooding, rockfal ls and mudslips.

Stay where you are if reasonably protected and away from
exposed windows and doors. These signals imply that the
centre ofa severe tropical storm or a typhoon will come dose
to Hong Kong. lfthe eye passes over there will be a lull lasting
from a few minutes to some hours, but be prepared for a sudden
resumption ofdestructive winds from a different direction.

Gale or storm -
B Tropical storm

Increasing gale or storm -
( Severe tropical storm

Hunicane -
D Typhoon

0 Gale or storm expected to increase significantly in strength. This/ signal will be hoisted when the sustained wind speed is expected

to increase and come within the range BB-1 1 7 km/hr during the
next few hours.

1 0 Hurricane-force winds expected or bIowing, With a suýained Windf v :- speedreachingupwardsírom11Bkm/hrandwith9uststhatmay

exceed 220 km/hr.
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WTheWest.]ndieš.and'Myanmai:tropica!stÓrms
West !ndies, September 2OO4

The year 2004 experienced the'mother of
hurricanes seasonl Fo||owíng hurricanes Char|ie,

which killed 16 people and caused damage in
Florida only once previously exceeded, and Frances,

Hurricane lvan began its destructive course.

Hurricane lvan, deservedly nicknamed'theTerriblel
began its trailof destruction on Grenada on
5 Seotember - the first time the island had been
affected by a major hurricane since 'l 955. Reports put

the death toll at 34; water, electricity and air transport
were disrupted for several days, and two-thirds of
the islandt 100 000 residents were made homeless
(Figure 9.56).

After severaI days oíwarning' |van hit Jamaica on
11 September.The laid-backapproach of many
Jamaícans contrasted strongIy with the wel|-practised
response of people in Florida. Many of those
.Jamaicans who Iived in shanty settlements refused to
leave theirflimsy, often makeshift homes, and only a

few thousand of the half million ordered to evacuate
heeded the government's warning, many preferring

to protect what might be left of their possessions from
post-hurricane looting. The resultant death toll was

put at 20. By the time lvan ravaged the Cayman lslands
a day later, it had become a category 5 event - one of
only a handful of that intensity in the last 100 years.

Winds reached 260 km/hr while torrential rain and
6 m waves caused extensíve fIooding but, fortunate|y,

no deaths were reported. In Cuba, next in lvan's

path,2 million people were evacuated in advance of
what was considered the most violent hurricane for
over 50 years but at almost the last minute it veered
sufficiently for the eye to pass just to the west of the
island. lvan, by now slightly reduced in strength,
made landfall in the USA between Mobile (Alabama)

and Pensacola (Florida) on 16 September, with wind
speeds of 210 km/hr and a tidal surge of 4 m. Although

lvan's path
cate9oÍy

2 million people had been evacuated along a 675 km

stretch of the Gulf coast, 12 deaths were reported.This

might have been worse had lvan veered westwards

where parts of the Louisiana coast lie 3 m or more

be|ow sea.|eve| and are protected by huge |evées.

Myanmar, May2008
Bangladesh frequently experiences tropical cyclones

which move northwards, accompanied by winds
with speeds exceeding 200km/hr, up the narrowing,

shallowing Bay of Bengal.These cyclones can create

storm surges of over B m that affect the flat delta

region of the Ganges-Brahmaputra (Places 19,

page 148). lmprovements in coastal defences and

early warning systems have reduced considerably
the amount ofdamage and the number ofdeaths
from 200000afterthe 1970storm to.140 000 in 1990,

1 35 000 in 1 991,40 000 in 1 994 and 1 0 000 in 1 999.

Howevel in 2008 tropical cyclone Nargis hit the still

unprotected lrrawaddy delta lying to the south in

Myanmar.

Little warning was given before Nargis, with wind
speeds of 200 km/hr, swept overthe flat lrrawaddy
delta before affecting the former capital city of
Rangoon. Unlike other recent catastrophes such
as the Indian Ocean tsunami (Places 4) and the
China earthquake (Places 2) where the world was

immediately aware of the event, here, due to a lack

of contact with the military regime, it was two days

before news began to leak out of Myanmar and
then only to admit to 350 deaths.

Later it became known that a tidal surge that
followed the cyclone created devastation of tsunami
proportions. Crops had been totally destroyed in the

countryt so-called rice bowl, as had coastal shrimp
farms and fishing boats. Huge areas were left without
fresh watel electricity or transport. Although the
military junta made a rare appealfor help, outside
aid workers were not to be allowed into the country
and a week later many isolated areas had received
no internal relief of any kind. By this time it was

announced that the death toll was 22 000 with a

further40 000 missing in a declared disasterzone
of 24 mi||íon peop|e. Reports taIked of f|ood waters
receding to leave rotting, bloated bodies, both
human and animal, reminiscent of the 2004 post-

tsunami scenes. lndeed two weeks after Nargis hit
the country and with overseas aid still being rejected,

the UN suggested that up to 200 000 Burmese had

either died at the time, afterwards through a failure
to provide relief, or were unaccounted for - a figure
close to that of the 2004 tsunami.

}12::::z'';.iž

The path of Hurricane

lvan, September 2004
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The monsoon in the Indian

subcontinent

not = low pressure

' :, , (rainshadow)

't.'tl,: rr:,:,l.lr,.r. l. :,'.:
H imá]'vá<

,/ .:. l ::.:rt . l: . : .. rt ,

T'fos rry***s**sx
'['he worc] monsoon is derived from the Arabic
worci fol 'a season', but the terrn is more com-
monly used in mcteorology to clenote a seasonal
reversal of wind direction.

Thc major monsoon occurs in south-east Asia
and results from three factors:
1 The extreme heating ancl cooling of large

land masses in lelation to the smaller heat
changes over adjacent sea areas (page 210).
This in turn affects pressure and winds.

2 The nor thwalcl movernent of the ITCZ (page

226) during the northern hcmisphere sumrrer.
3 'l'he uplift of thc Himalayas which, some 6

million years ago, became sufficiently high to
interfele with the seneral circr-rlation of the
atmosphere (Places 5, page 20).

Fřle s*ry*šx-a{íg.s* #ť. s#á?Ť'?3#ť í}?s*ss#ř?
As the overheacl sun appears to rnove northlvards
to the Tropic of Cancer in June, it clraws with
it thc convelgence zone associated with the
ITCZ (Figure 9.57a).'fhe increase in insolation
over northeln India, Pakistar-r and central Asia
rneans that heated air rises, creating a large area
of low pressure. Consequently, warm moist Ern
(equatorial lnaritirne) and Tnr air, from over the
Indian Ocean, is clrawn first northwalds and
then, because of the Coriolis force, is dive rtcd
north-eastwards (page 224).The air is humld,
unstable arid conducive to rainfall. Amounts of
precipitation are most substantial on India's west
coast, where the air rises over thc Western Ghats,
and on the windward siope of the Himalayas:
Bombay has 2000 rnm and Cherrapunji
13 000 rnm in four sumrner months.'l'he

. b, cold=highpressure
(out-blowing winds from

Himalayas drY source area)

sub tropical
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advent of monsoon storms allows the planting
of rice (Irlaces 67, page 481). Rainfall totals are
accentuatecl as the air rises by both orographic
ancl convectional uplift and the 'wet' monsoon is
maintainccl by the rclease of substantial amounts
of latent heat. The avcrage alrival clate is 10 May
in Sli Lanka and 5 Juiy at thc Pakistan borcier a

timc-lapse of scvcn wceks (Places 32).

ř&g *:r*yf& -*{?sá' sť t$řť?f*r fŤ?s**s**tr
Dr-uing the northcrn winter, the overhead sun,
the ITCZ and tlre subtropical jet stťcam aII mor,e
sonthwarcls (l.igure 9.5 7b). At the same tirne,
centlal Asia experiences intense cooling which
allows a large high pressure system to develop.
Airstreams that rnove outwards from this high
pressure area are dry because their source arca is
serni-desert. 'l'hey become even drier as the y cross
the Himalayas and acliabatically warmer as they
descend to the Indo-Gangeticr plain. Bombay
receives less than 100 rnm of rain during these
eight months. The south-west monsoon usually
begirrs its ťetleat trom the extÍeme nor.th-west of
India on 1 September and takes until 15 November,
i.e. 11 weeks, to clear the southern tip.

The monsoon, which in rcality is much more
complex than the model described above, affects
the lives of one-quaftel of the world's poprrlation.
Unfortunately, monsoon rainfall, especially in the
Indian subcontinent, is unreliablc (Figure 9.28). If
the rains tail, then clrought and famine ensue: 1987
was the ninth yeal in a decade when thc monsoon
tailed in north-west India. It, on the other hand,
there is excessive rainfall then large areas of land
experience extťerne Í1ooclíng (Banglaciesh in 7987,
1988 and 1998).
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Land and sea breezes

in Britain

W Delhi:the monsoon climate

June
'Rain brought welcome relief to the !ndian capital
yesterday, a day after 1 B people collapsed and

died on the streets in the blistering heat, pushing
the summer death toll in northern India to nearly

350. Heavy showers cooled the furnace-like city,

reeling under a three-week heatwave that has kept

daytime temperatures at an almost constant 45"C

and which had, the previous day, experienced its

hottest day in 50 years when the mercury soared

to 42.6"C.lt was the first pre-monsoon rain of the
season to lash Delhi, and children celebrated by

soaking themselves in the rain, with many elderly

ffi *s**se*$e: $gpcmě vtr&a}*s

Of the three meso-scale circulations described
here, two - land and sea breezes and mountain
and valley winds _ are caused by local tempeÍa-
ture differences; the third _ the fÓhn * results
from pressure differences on either side of a

mountaln Íange.

Y**e ffna.ad er${$ s*e Ř*r**xe

This is an example, on a diurnal timescale, of a cir-
culation system resulting from differential heating
and cooling bet\ /een land surfaces and adjacent
sea areas. The resultant pÍessure differences,
although small and localised, produce gentle
breezes which affect coastal areas during calm,
ciear anticyclonic conditions. When the land
heats up rapidly each morning, lower pressure
forms and a gentle breeze begins to blow from the
sea to the land (Flgure 9.58a). By early afternoon,
this breeze has strengthened sufficiently to bring
a freshness which, in the tropics particularly, is
much appreciated by tourists at the beach resorts.
Yet by sunset, the air and sea are both calm again.

Although the circulation cell larely rises
above 500 m in height or reaches more than
20 km inland in Britain, the sea breeze is caoable

citizens joining them in the belief that monsoon

rains help cure blisters and skin diseases caused by

extÍeme heat. More thunderstorms are expected by

the weekend, which should markthe onset of the

summer monsoonl

July
'The July death toll from relentless monsoon rains

across lndia and Pakistan rose to more than 590

as several waves of severe storms passed across the

subcontinent. Many streets in Delhi are still under

water.'

of lowerlng coastal temperatures by 15'C and

can produce advection fogs such as the 'sea-fiet'

or 'haar' of eastern Britain.
At night, when the sea retains heat longer

than the land, there is a reversal of the pressure

gradient and therefore of wind direction (Figure

9.58b). The land breeze, the gentler of the two,

begins iust after sunset and dies away by sunrise.

The m**xs,ttmgrl *m* wmřlmywíg*ď

This wind is likely to blow in mountainous aÍeas

during times of calm, clear, settled weathel.
During the morning, valley sides are heated by

the sun, especially if they ale steep, south-facing
(in the northern hemisphere) and lacking in
vegetation cover. The air in contact with these

slopes will heat, expand and rise (Figure 9.59a),

creating a plessure gladient. By 1400 hours, the

time of maximum heating, a strong uphill or
anabatic wind blows up the va1ley and the valley

sides - ideal conditions for hang-glidingl The air

becomes conditiona1ly unstable (Fígure 9.19)'

often producing cumulus cloud and, undel very

warm conditions, cumulo-nimbus with the pos-

sibility of thunderstorms on the mountain ridges.

A compensatory sinking of air leaves the centre of

the valley cloud-free.

a day
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3 winds less strong if
valley sides face
nÓÍth (|ess heating)

1 wind blows up-valley

l)uring the cleal cvening, thc val1ey loscs
heat through racliation. The surrounding air non
cools and becomes denser. It begins to dlain,
under gravity, clown the valley sides and along
the va11cy floor as a inountain wind or katabatic
wind (figure 9.59b). This gives rise to a tempera-
ture inversion (Figute 9.211 and, if the air is moist
enough/ in winter may cleate fog (Figure 9.23) or
a frost hollow. Maximum wincl speeds are gener-
ated just beforc clan'n, normally the coldest tit'ne
of the clay. I(atabatic r,vincls are usually gentle in
Britair-i, but arc much stlonger if they blor,r, over
glacieIs oÍ peImanentlv sllow-cover.ed slopes. Irr
Antarctica, they lnay reach hurricane force.

íhe ť{**:g:

Thc fóhn is a strong, u.atm and clry wind which
blon s periodicalli' 19 the lee of a rnountain
Iange. It ocCuIS in the Alps Ý\rhcn a depression
passcs to tl-re nolth of the rnountains and draws
in l,l'arm, moist ail from the Mediterranean. As

.,:. : the air rises (Figure 9.60), it cools at the DALR of
1"ti per 100 m (page 216).If , as in Figr-rre 9.60,

lnel0nn

b night (katabatic flow)

under clear skies, cold
dense air sinks under
gravity: can form fog and
frost hollows in valley
({emperature inversion)

í..
t 

a.',

'l wind blows down valley

conclensation occurs at lO00 m, there tvill be a
lclease oÍ latcnt heat anc] the rising air will cool
more slou4y at the SALR of 0.5'C per' 100 rn. This
rneans that I'vhen thc air r eaches 3000 rn it w-il1

have a temperature of 0'C instcad of tlic -10'C
had latent heat not bcen leleased. Having crosscd
thc A1ps, the clescending air is cornpressed
and warrned at the I)ALR so that, if the land
cLops sufficiently, the air will r'each sea-leve1 at
30'C. This is l0'C w.lrrller than whcn it left th.
Mecliterranean. Tcmpelaturcs may rise by 20"C
within an hour and relative hr-rrnicliq' can fall to
10 pel cent.

This wincl, also knor'r'rr as the chinook on the
American l)railies, has consiclelable effccts on
hurnan activity. In spling, nrhcn it is most likely
to blow, it li.,'es up to its Nativc Arnerican name
of 'snow-eater' bv melting srlow and enabllng
wheat to be sor'r,n; ancl in Su,itzerland it clears tlie
alpine pastLlres of snow. Convcrselv, its warmth
can cause avalanches, forest fires and the prema-
tule buclding of trees (Case Study 4a).

fulountain and

valley winds

a the fóhn

3000

a day (anabatic flow)

updraughts may produce
cloud on hills

descending air
gives clear skies

g
c
'?o
E

air with a

TemperatUÍe
of 20"C is
forced to
rise to l

cross the :l

mountains

descending air warms

"tn""?i'*'':i:F;

following release of
Iatent heat, Íi5ing air ...l.,

cooIs at SALR oÍ 0.5.C
per 100 m and will reach 1::l;,

3000 m at 0"C (instead oí .1i.

-.10'C had latent heat not till,

E
s
'o
s

been released)

condensation level

rising air cools at DALR
of 1'C per 100 m;will
reach IOOO m at 10'C

alr n5e5
At SALR

aiÍ rises
At DALR
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Microclimatology is the study of climate over
a small area. It includes changes resulting from
the construction of large urban centres as well as

those existing naturally between different types
of land surface, e.g. forests and lakes.

tJrhaar e $irvxates

Large cities and conurbations experience cli-
matic conditions that differ from those of the
surrounding countryside. They generate more
dust and condensation nuclei than natural
environments; they create heat; they alter the
chemical composition and the moisture content
of the air above them; and they affect both the
albedo and the flow of air. Urban areas therefore
have distinctive climates.

ř*lr*p*rmťxr,*
Although tower blocks cast more shadow, normal
building materials tend to be non-reflective and
so absorb heat during the daytime. Dark-coloured
roofs, concrete or brick walis and tarmac roads all
have a high thermal capacity which means that
they are capable of storing heat during the day
and releasing it slowly during the night. Ftirther
heat is obtained from car.fumes, factories, pov/eÍ
stations, central heating and people themselves.
The term urban heat island acknowledges that,
undel calm conditions, temperatures are highest
in the more built-up city centre and decrease
towards the suburbs and open countryside
(Figure 9.61). In urban areas:
* daytime temperatures are/ on average/

0.6'C higher
# night-time temperatuÍes may be 3. or 4"C

higher as dust and cloud act like a blanket to
reduce radiation and buildings give out heat
like storage radiators

i"3 the mean u/intel tempeÍature is 1. to 2"C
higher (rulal areas are even colder when
sno\,/-covered as this increases their albetto)

i}'t the mean summeÍ temperatule may be
5'C higher

iq] the mean annua] tempelatuÍe is higher
by between 0.6"C in Chicago and 1.3'C
in London compared with that of the
surrounding area.

Note how, in Figure 9.61, temperatules not only
decrease towar:ds London's boundary but also
besicle the Thames and Lea livers. 'l'he urban
heat island explains why large cities have less

snow, fewer frosts, earlier budding and flowering
of plants and a greater need, in summer, for air-

conditioning than neighbouring rural areas.

$cxmť*grfur
Despite having higher mean temperatures, cities

receive less sunshine and more cloud than their
rural counteÍpartS. Dust and other partic1es may

absorb and reflect as much as 50 per cent of inso-

lation in winter, when the sun is low in the sky

and has to pass through more atmosphere, and
5 per cent in summer. High-r'ise buildings also
block out light (Figure 9.62).

í.4límď
Wind velocity is reduced by buildings which
create friction and act as windbreaks. Ulban
mean annual velocities may be up to 30 per cent

lower than in rural areas and periods of calm
may be 10-20 per cent more frequent. In con-
trast, high-rise buildings, such as the skyscrapers
of New York and Hong Kong (Figure 9.62), form
'canyons'through which wind may be chan-
nelled. 'l-hese winds may be strong enough to
cause tall buildings to sway and pedestrians to

be blown over and troubled by dust and litter.
The heat island effect may cause local thermals
and reduce the wind chill factor. It also tends to

generate considerable small-scale turbulence and

eddies. In 19th-centuly Blitain, the most soughf
after houses were usually on the western and
south-western sides of cities, to be up-wind of
industrial smoke and pollution (Mann's model,
pages 422-423).

ffeígťíyg Ítumťďfřy
Relative humidity is up to 6 per cent lower in
urban areas where the warmer air can hold more
moisture and where the lack of vegetation and
water surface limits evapotranspiration.

í. .

An urban heat island: minimum temperatures

over London, l4 May 1959 (after(handler)

t-__-llrl

isotherms ("C)

limit of then
built-up area

0 5km
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Urban areas appear to receive
thicker and up to 10 per cent
more frequent cloud cover than
rural areas. This may result from
convection currents generated by
the higher temperatures and the
presence of a larger number of
condensation nuclei.

Pr*r$pJ*mťÉ*n
The mean annual precipitation
total and the number of days
with less than 5 mm of rainfali
are both bet\/een 5 and 15 per
cent greater in major urban areas.
Reasons for this are the same
as for cloud formation. Strong
thermals increase the likelihood
of thundel by 25 per cent and
the occurrence of hail by up to
400 per cent. 'lhe highelurban
temperatures may turn the snow
of lural areas into sleet and limit,
by up to 15 per cent, the number
of days with snow lying on the
ground. On the other hand, the
frequency, length and intensity of
fog, especialiy under anticyclonic
conditions, is much greater -
there may up to 100 per cent
more in winter and 25 per cent
more in summe1 caused by the
concentration of condensation
nuclei (Figure 9.63).

Thick fog is continuing to cause travel chaos among
those lookir-rg Íbrward to spending Christrr.ras abr.oad
Over the last few dnys, thousar-rds of passengets have
experienced severe delays ol carrcellations of Í1ights
at numetous UK airports.

Yesterday 350 flights, z{0 per cent of the total,
were cancelled from Heathrow alone and' with Íbg
set to remain today, British Airways has already
decided to cancel all domestic flights to and from
that airpor1. The problem with Íbg is that it means,
Íbr saÍ.ety reasons' the distance between aircraft on
approach to runways has to be doubled, thLrs

reducing the nr-rmber of landings.
22 Decentber 2006

,:i+r_!a+it: i.\

*$aatesp*terďc emrmp*síďlolt Fog causes (hristmas chaos

There may be three to seven times more dust par_
ticles over a city than in rural areas. Large quanti_
ties of gaseous and solid impurities are emitted
into urban skies by the burning of fossil fuels, by
industrial processes and from car exhausts. Urban
areas may have up to 2O() times more sulphur
dioxide and 10 times more nitrogen oxide (the
major components of acid rain) than rurai areas,
as well as 10 times more hydrocarbons and twice
as much carbon dioxide. These pollutants tend
to increase cloud cover and precipitation, cause
smog (Figure 9.25), give higher temperatures and
reduce sunlight.

Foresť mruď fg$re rr*ígr*cfď;tewťcs
Different land surfaces produce distinctive local
climates. Figure 9.64 summaríses and compales
some of the characteristics of microclimates
found in forests and around lakes. As with urban
climates, research and turther information are
still needed to confirm some of the statements.

Narrow streets with

high-rise buildings

are more likely to

0evel0p mr(r0-

dimates than those

that are wider and

have lower buildings;

New York (ity

: 113t:.:: '; .:j.:

Microclimates of forests

and water surfaces

Incoming radiation

and albsdo

IempeÍature

Relative humidity

PrecipitatÍon

Wind speed and

direction

Much incoming radiation is absorbed and trapped.
Albedo for coniferous forest is 15yo; deciduous 25% in

summer and 35% in winter; and desert scrub 40y0.

Small diurnal range due to blanket effect ofcanopy.
ForeÍ f|oor is protected from direct sunIight.
Some heat Ioí by evapotran5piřation'

Higher during daytime and in summer, especially in

deciduous forest.

Amount ofevapotranspiration depends on length ofday,
leafsurface area, wind speed, etc.

Heavy rain can be caused by high evapotranspiration rates,
e.g. in tropical rainforests.

0n average, 30*35% of rain is intercepted: more in
deciduous woodland in summer than in winter.

Trees reduce wind speeds, especially at ground level.
(They are often planted as windbreaks.)

Trees can produce eddies.

Less insolation absorbed and trapped.
Albedo may be over 60%, i.e. higher than over seas/oceans
(page 207). Higheron calm days.

Small diurnal range because water has a higher specific
heat capacity.
(ooler summers and milder winters.
Lakesides have a longer growing season.

Very high, especially in summer when evaporation rates
are also high.

Air is humid.

|fforced to rise, air can be uníab|e and produce c|oud
and rain.

Amounts may not be great due to fewer condensation nuclei.
Fogs form in calm weather,

Wind may be strong due to reduced friction.
Large lakes (e.9. L. Victoria) can create land and sea breezes
(pa9e 240).

.l
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Weather symbols for

cloud, precipitation,

wind speed,

lem peraTu re,

pressure and wind

d irection

W*m*€x*r *'*tffi ps m ax# $mr**ffi s&B eŤff

$m ffir&ťm&rx

A weather map or synoptic chart shows the
weather for a particular area at one specific time
(Figures 9.67 and 9.68). It is the result of the col-
lection ancl collation of a considerable amount
of data at numerous ÝVeatheI stations, i.e. from a

number of sample points (framework 6, page 159).

These data arc then refinecl, usually as quickly as

possible and now using computers, and ale plotted
using internationally accepted weather symbols. A
sclection of thcse symbols is shown in Figtue 9.65.
Weather maps are procluced for different purposes
and at various scales.

1 .l.he daiiy weatheť map' as seen on television
or in a national ne\vspaper, aims to Sive a
cleal, but highly simplified, impression of the
weathel.

2 At a higher level, a synoptic map shows
selectcd meteorologlcal characteristics for
specific \ /eather stations. The station model
in Figure 9.66 shows six elements: tempera-
tllle, pÍessule, cloud CoVeI' preSent weather
(e.9. type of plecipitation), wind direction
and wincl spced.

3 At the highest 1evel, the Meteorological
Office produces maps showing finite detail,

e.g. amounts of various types of cioud at lolli
medium and high levels, dew point tempeta-

tures, barometrlc tendency (i.e. trends of
pressure change), etc.

The role of the weather forecaster is to try to deter-

mine the speed and dilection of movement of
var ious air masses and any associated fronts, and to

try to predict the type of weathel these movements

will bring. Forecasters now make considerable use

of satellite images (Figures 9.67 and 9.68). Satellite

images are photos taken by weather satellites as

they continually orbit the Earth. These photos,
which are relayed back to Earth, are invaluable
in the prediction of short-term weather trends.

Althor.rgh forecasting is incleasingly assisted by
information from satellites, radat and computers,

which show upper air as well as surface air condi-

tions in a thlee-dimensional model, the complexitv

and unpredictability of the atmosphere can still
catch the tbrecaster by surprise (Places 29, page

232'). Part of this problem is related to the fact that

meteolological information is a sample (FramewoLk

6, page 1 59) rather than a total picture of the
atmosphere, and so there is always a risk of the

anomaly becoming the reaiiý.

Symbol

o
o
o
o
o
o
o
o
o
o
X

Cloud

Cloud amount (oktas)

0

I or less

sky obscured

missing or doubtful data

A Weather íatlon
model and an example

Weather (present)

Symbol Weather

drizzle

rain and drizzle

ratn

rain and snow

5now

rain shower

snow snower

hail shower

tnunderstoÍm

8-12 3

13*17 4

ro, ňr' additionaI half-feather aoo
5 knots or add an extra force up to

)
a
)
a

a

a
V
+
V

V
17
l'J

mrSt

fog -tO

Wind speed

Speed (knots)

calm

TempeÍature
1^-(,) :"celsius

Pressure

Pressure is shown by

isobars and is
measureo In

millibars

1012-
mean sea-level pressure

L = centre of an area of

low pressure

H = centre of an area of

high pressure

7"C

992mb
7 oktas

drizzle
SW

13-'17 knots
or force 4

Force

0

'I

2

3

4

5

6

7

8

ů

l] 48-52 1 1

Model

temperatuÍe ("c) pressure (in millibars,

f cloud \ last z figures only)
present weather { cover 

l

\(ottas)r/./-
wind speed ,/ winddiÍection---.->/ (variablelocation)

tempeíaIUre
pressu re

cloud cover
present weather
wind direction
wind speed

1 
Wind direction

-)-) Indicates a north-westerly
v wind direction
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Synopti( chart and

satellite image,

17 September 1 983

Figure 9.67 shows the synoptic chart (weather
map) and satellite (infra-red) image of a depres-
sion approaching the British Isles (compare

GouDY S .q sHewER I
CLOUDY

15 ť

\cLouDY 
".\ ts *\*

.'i

.','Í5
+

Figure 9.43). Figule 9.68 shows the same depres-
sion 24 hours later, by which time it had passecl

over the British Isles (compare Figulc 9.44).
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The interquartile

ra nge

I : tti:,111'

.:l.l:,r.,
Measures of dispersion

Throughout this chapter on weather and climate,
mean climatic figures have been quoted.To build
up these pictures of global, regional and local

climate patterns, statistics have been obtained by

averaging readings, usually for temperature and
precipitation, over a 30-year timescale. However,
these averages themselves are often not as

significant as the range or the degree to which they
vary from, or are dispersed about, the mean.

For example, two tropical weather stations may

have equalannual rainfall totals when measured

over 30 years. Station A may lie on the Equator and

experience reliable rainfall with little variation from

one year to the next. Station B may experience a

monsoon climate where in some years the rains may
fail entirely while in others they cause flooding.

The measure of dispersion from the mean can

be obtained by using any one ofthree
statistical techniques:

o tne range

o the interquartile range, or

o the standard deviation.

TemperatuÍes 0"(
Rank (ranked)

10

These techniques are included here because
meteorological data both require and benefit from

their use, but they may be applied to most branches
of geography where there is a danger that the mean,

taken alone, may be misleading (the problems of
overgeneralisation are discussed in Framework 1 1,

page347). Again, it must be stressed that use of a

quantitative technique does not guarantee objective
interpretation of data:great care must be taken to
ensure that an appropriate method of manipulating
the data is chosen.

It has already been seen how it is possible, given

a data set, to calculate the mean and the median
(Framework 5, page 1 12). However, neither statistic
gives any idea ofthe spread, or range, ofthat data.

As the example above of two tropicalweather
stations shows, mean values on their own give

only part of thefull picture.The spread of the data

around the mean should also be considered.

Range
This very simple method involves calculating the
difference between the highest and lowest values
of the sample population, e.g. the annual range in

temperature for London is 14'C (July 1B'C,.lanuary
4'C).The range emphasises the extreme values and

ignores the distribution of the remainder.

Interquartile řange
The interquartile range consists of the middle 50 per

cent ofthe values in a distribution, 25 per cent each

side of the median (middle value).This calculation is

useful because it shows how closely the values are
grouped around the median (Figure 9.69). lt is easy to

calculate; it is unaffected by extreme values; and it is
a useful way of comparlng sets of similar data.

The example in Figure 9.69 gives temperatures for
I9 weather stations ln the British lsles at 0600 on
14 )anuary 1 979. These temperatures have been
ranked in the table.

-3
a

t3
o

oa
af

- to

3.
5-a

50 per cent of
values fall into
the interquartile
range

upper quartile

median (middle quartile)

t0a9o-a

.6 -1- 3a a

t0

7

6

5

4

3

3

2

0

-t

15 -2

l

-3

-9

-13
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a
10

3'
'10

a 2
a

t0
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Lo=(r#).3 i.e. /ts+t\
t_o i>3=15

The upper quartile (UQ) is obtained by using
the formula:

/n . t\ í'nr'| = '"t=l+ / r'e \ 4 t

This means that the UQ is the fifth figure from the
top of the ranking order, i.e. 6"C.The lower quartile
(LQ) is found by using a slightly different formula:

where: o =standarddeviation

x = each value in the data set

t = mean of all values in the data set, and

n = number of values in the data set.

Let us suppose that the minimum temperatures
for 10 weather stations in Britain on a wintert clay
were, in'C, 5, B, 3, 2, 7, 9, 8,2, 2 and 4. The standard
deviation of this data set is worked out in Figure 9.70,
proceeding as follows:

1 Find the mean (Í).

2 Subtract the mean from each value in the set:

x_ý.

3 Calculate the square of each value in 2, to
remove any minus signs: (x - x)2.

4 Add together all the values obtained in 3:

ž (x _ x)2.

5 Divide the sum of the values in4by n:

\(x _ ý)2

6 Take the rluur" l.ooa ofthe value obtained in
to obtain the standard deviation:

^|>{,-xývn
The resulting standard deviation of o = 2.65 is

a low value, indicating that the data are closely
grouped around the mean.

This shows the LO to be the l5th figure in the
ranking ordel i.e. -2"C. You will notice that the
middle quartile is the same as the median. The
interquartíle range is the difference between the
upper and lower quartiles, i.e. 6"C - -2'C = B.C.

Another measure of dispersion, the quartile
deviation, is obtained by dividing the interquartile
rangebytwo, i.e. B'C - 2 = 4"C

The smaller the interquartile range, or quartile
deviation, the greater the grouping around the
median and the smaller the dispersion or spread.

Standard deviation
This is the most commonly used method of
measurinq dispersion and although it may involve
lengthy calculations it can be used with the
arithmetic mean and it removes extreme values.
The formula for the standard deviation is:

Finding the standard

0evtatt0n

lz;Y*'sz
"- V n

Minimum temperatures for 'l 
O weather stations

The mean of 5,8,3, 2,7,9,8,2,2,4:
50

10

f-

t 10

in Britain on a winter's day

1

2

3

4

5

6

5

B

3

2

7

9

B

2

2

4

I a_ l

7 a_)

0-(-/

0

9

4

7

I

9

10

9

4

16

9

9

9

4-5 = -1 1

2(x-k)2=tof=-o=1i t standard deviation = 2.65

Weather and climate 247



e!irmatic el'lange
Climates have changed and still are constantly
changing at all scales, from locai to global, and
over varying timespans, both long-term and
short-term (Case Studies 94 and 98). However,
there have been surges of change over time
which meteorologists and earth scientists are

continually trying to clarify and explain.

Evidence of past climatic cl'!mr'!ges
;c Rocks ale found today which were formed

under climatic conditions and in environ-
ments that no longer exist (Figure 1.1). In
Britain, for example, coal was formed undel
hot, wet tlopical conditions; sandstones were
laid down during arid times; various lime-
stones accumulated on the floors of warm
seas; and glacial deposits were left behind by
retreating ice sheets.

i*: Fossil landscapes exist, produced by certain
geomolphological processes which no longer
operate. Examples include glaciaily eroded
highlands in nolth and west Bt'itain (Chapter
4), granite tors on Dartmoor (page 2O2) and
wadis formed during \,vetter peliods (pluvials)
in deserts (Places 25, page 188).

ac Evidence exists of changes in sea-level (both
isostatic as on Arran - Places 23, page 166)
and eustatic (as at present in the Maldives -
page 169) and changes in lake levels (Sahara,

Figure 7.27).
rc Vegetation belts have shifted through some

10' of latitude, e.g. changes in the Sahara
Desert (Frgure 7.27).

* Pollen analysis shows which plants were
dominant at a given time. Each plant species
has a distinctively-shaped pollen grain. If
these grains land in an oxygen-fiee environ-

- ment, such as a peat bog, they resist decay.
Although pollen can be transported consider-
able distances by the wind and by wildlife, it
is assumed that grains trapped in peat form a

representative sample of the vegetation that
was growing in the surrounding area at a

given time; also, that this vegetation was a

response to the climatic conditions prevailing
at that time. Vertical sections made through
peat show changes in pollen (i.e. vegetation),
and these changes can be used as evidence
of climatic change (the vegetation--climatic
timescale in Figures 11.18 and 11.19).

** Dendrochronology, or tree-ring dating, is

the technique of obtaining a core from a tree-
trunk and using it to determine the age of the
tree. Tree growth is rapid in spring, slower
by the autumn and, in tempeÍate latitudes,
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stops in winter. Each year's growth is shown

by a singie ring. However, when the year is

warm and \ /et, the ring wili be larger because

the tree gro\vs more quickly than when the

year is cold and dry. Tree-rings therefore
reflect climatic changes. Recent work in
Europe has shown that tree growth is greatest

under intense cyclonic activity and is more

a IesponSe to moistule than to tempeÍatule.
Tree-ring timescales are being established by

using the remains of oak trees, some nearly
10 000 years old, found in river terraces in
south-central Europe. Bristlecone pines, still
alive after 5000 years, give a very accurate
measure in California (page 294).

w Chemical methods include the study of
oxygen and carbon isotopes. An isotope is one

of two or more forms of an element which
differ from each other in atomic weight (i.e.

they have the same number of protons in the

nucleus, but a different number of neutrons).

For example, two isotopes in oxygen are 0-16

and O-18. The O-16 isotope, which is slightly
lighter, vaporises more readily; whereas O-18,

being heavier, condenses more easily. During
walm, dry periods, the evaporation of 0-16
will leave water enriched with O-18 which,
íf it freezes into polar ice, will be preserved as

a later record (Places 14, page 104). Coldet,
wetter periods will be indicated by ice with a

higher level of O-16. The most accurate form of

dating is based on C- 1 4, a radioactive isotope of

carbon. Carbon is taken in by plants during the

carbon cycle (Figure 11.25). Carbon-14 decays

radioactively at a known rate and can be com-

pared with C-12, which does not decay. Using

C--]'2 anď C-14 fi.om a dead plant, scientists can

determine the date of death to a standard errot

of + 5 per cent. This method can accurately date

organic matter up to 50 000 years old.
*a Historical records of climatic change includer

- cave paintings of elephants in central Sahata

(Figure 7.27) anď giraffes inJordan (Figure

7.7)

- vines growing successfully in southern
England between AD 1000 and 1300

- graves for human burial in Greenland
which were dug to a depth of 2 m in the

l3th century, but only I m in the l4th
century, and could not be dug at all in the

15th century due to the extension of perma.

frost - in contrast to its retreat in the 2000s

(Case Study 5)

- fairs held on the frozen River Thames in
Tudor times

- the measurement of recent advances and

retÍeatS of alpine giaciers and polar sea-ice.



Čaws*s *ť *áirvx*€$e c$tamg*
Several suggestions have been advanced to try to
explain climatic change over different timescales
(Figure 4.2) and epochs (Figure 1.1). Most clima_
tologists nor / accept that each of the causes of cii-
matic change described below has a role to play in
explaining change in the past, whether over long
or short periods of time.
1 Variations in solar energy Although it was ini_

tially believed that solar energy output did not
vary over time (hence the term ,solar constant,
in Figure 9.3), increasing evidence suggests that
sunspot activity, which occurs in cycles, may
significantly affect our climate _ times of high
annual temperatures on Earth appear to corre-
spond to periods of maximum sunspot activity.

2 Astronomical relationships between the sun
and the Earth There is increasing evidence
supporting Milankovitch,s cycles of change
in the Earth's orbit, tilt and wobble (Figure
4.6), which would account for changes in the
amounts of solar radiation reaching the Earth,s
surface. This evidence is mainly from cores that
have been drilled through undisturbed ocean_
floor sediment which has accumulated over
thousands of years (compare places 14, page
104).

3 Changes in oceanic circulation Changes
in oceanic circulation affect the exchange of
heat between the oceans and the atmosóhere.
This can have both long-term effects ortworld
climate (where currents at the onset of the
Quaternary ice age flowed in opposite direc-
tions to those at the end of the ice age) and
short.term effects (El Niňo, Case Study 9A.). The
latest theory compares the North Atlantic Drift
with a conveyor belt that brings \^/ater to north-
west Europe. Should this conveyor belt be
closed down, possibly by a huge influx of fresh
\^/ater into the sea, then the climate will become
dramatically colder.

4 Meteorites A major extinction event, which
included the dinosaurs, took place about 65
million years ago. Thls event was beiieved to
have been caused by one or more meteors col_
liding with the Earth. This seems to have causecl
a reduction in incoming radiation, a depletion
of the ozone layer and a lowering of global tem_
peratures.

5 Volcanic activiý It has been accepted for
some time that volcanic activity has influ_
enced climate in the past, and continues to do
so. World temperatures are lowered after any
large single eruption, e.g. Mount pinaiubo

(Case Study 1) and Krakatoa (Figure I.29 and
Places 35, page 299) or after a series ofvol-
canic eruptions. This is due to the increase rn
dust particles in the lower atmosphere which
will absorb and scatter more of the incomins
radiation (Figure 9.4). Evidence suggests thai
these maior eruptions may temporarily offset
the greenhouse effect. precipitation also
increases due to the greater number of
hygroscopic nuclei (dust particles) in the
atmosphere (page 215).

6 Plate tectonics plate movements have led
to redistributions of land masses and to
long-term effects on climate. These effects
may result from a land mass ,driftins, into
different latitudes rBri lish tstes, page Z2;.
or from the seabed being pushed upwards
to form high fold mountains (page 19).
The presence of foid mountains can lead to
a colder climate (a suggested cause of the
Quaternary ice age, page 103) and can act as a
barrier to atmospheric circulation _ the Asian
monsoon was established by the creation of
the Tibetan Plateau (page 239).

7 Composition of the atmosphere Gases in
the atmosphere can be increased and altered
following volcanic eruptions. At present there
is increasing concern at the build_up of CO,
and other greenhouse gases in the atmos-
phere (Case Study 98), together with the use
of aerosols and the release of CFCs (places 27 ,

page 2O9';, which are blamed for the deple-
tion of ozone in the upper atmosphere.

ť3imat*e chamge !n &ritatn
Britain's climate has undergone changes in the
longest term (page ZZ and Figure 1.1); during and
since the onset oI the euaternary tFigure 4.21;
and in the more recent short term (Figure 11.1g).
Following the 'iittle ice age, (which lasted from
about AD 1540 to 1700), temperatures generally
increased to reach a peak in about 1940. Aftel
that time, there was a tendency for summers to
become cooler and v/etter, springs to be later,
autumns milder and winters more unpredict-
able. However, since the onset of the i9g0s there
appears to have been a considerable warming,
wilh eighl oí lhe ten Warme5t y.ul.. on ,..o,J
being in the last decade. This, together with the
apparent increase in variations from the norm
for Britain's expected autumn, winter, spring
and even, since 2005, summer weather, tends
to add further evidence to the concept of global
warming (Case Study 98).

Weather and climate jng
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Short-tennn and !onE-term climatic changes

ElNiňo
An E Niňo event, scientlfical|y referred to

asan E NiĎo Southern osci|]atlon (ENS0),

occurs periodica ly on average every three

tofour years' ]t is ca|]ed,E] Niňoj which means
'lrtt e child'in Spanish, because, in those

lea rs that rt does occ u r, it a ppea rs just after

Ihr stmas' An E Nlňo event usua |y lasts for
l2-lB months.

n contrast to normal conditions
(Figure 9.11) there rs a reversal, in the equat
orlal Pacrfic region, rn pressure, precipitation

and, often, winds and ocean currenrs
(Figure 9./2). Pressure rises overthe western

Pac fic and fa ls over the eastern Pacific.

This allows the ITCZ (Figure 9.34) to migrate

a atmosphericcirculation

descending air warms
to give dry condltions

southwards and causes the trade wlnds to
weaken in strength, or, sometimes, even to
be reversed rn their direction.The descend-
ing alr, norv over South-east Asia, gives that
region much drier conditions than it usually
r ' pe.|en.e o1d' on e 'L.eTé ol Co\io1S' e ' el
causrng drought. n contrastthe airoverthe
eastern Pacifrc is now rising, giving much

wetter conditions in places, ike Peru, that
normally experience desert conditions.The
change in the direction of the trade wrnds

means that:
. surface water tends to be pushed

eastwards so tnat sea-level in South,
east Asia falls, whrle it rises in tropical
South America

Pocific Ocean

o surface water temperatures In

excess of 2B"C extend much further

eastwards and the upwe ling of co d
water off SoLrth America is reduced,

allo|rng sea ternperatures to rise by
up to 6'C.The warmer water in the

eastern Pacific lacks oxygen, nutrlents
and, therefore, p ankton and so has an

adverse effect on Peru's ftshing industry

NASA-Mir astronauts were able, during the
record.breaking 1997.98 E Nlňo, to observe,

photograph and document the g oba
i m pacts ofthe event. These, together wlth
ground observations and recordtngs, are

summarised in Figure 9.73.

) i:j..aa t:- ) i

An El Niňo event

high-altitude flow

|n{gn]esia ] surface flow (trade Wi,ň.ds) ,..,.
, Ecuador

..,'.. 
'P.€íy

rising air gives heavy
rainfall on Pacific coasl
from Peru to California

ITCZ

Eq uator

high pressure

low pressure

rising air

descending air

ocean currentsL

late arrival or failure of
monsoons; occasional
drought in south-
east Asia and
Australia; severe
troplcal storms in
South Pacific
and Japan

IZU E

Australia

I 80' 120"W 60'w

trade winds fail or
reverse direction

wind can blow in
reverse direction

b section through the Pacific Ocean

lndonesia

equatorial current weakens
or even reveÍses direction

equatorial undercurrent

..;::i::.:; .. .'. Very Warm .". . ...,,.'.'..;,*:.ls

28"C warm

26"c coorer
)4"C

cool

,.li

',.l,'.lĚ..'.'.il."

dl+š|."::":i].q|ii South
Ameřica

Ev dence co]|ected during the E Niňo
.'e1Ls o[ l9B2 B3 lat Lhe' .Ie Ihé biggesI
ever recorded), I 986 and 1992-93, increas-

ingly suggested that the ENSO had a major

eÍfect on places far beyond the Pacific

margins as well as on those bordering the
ocean itse f in its low atitudes. Apartfrom

the drier conditions rn South east Asia and
the wetter conditions in South America:
o severe droughts were experienced

in the Sahel (Case Study 7) and

southern Africa as well as across the
Indian subcontinent

tnere were extremeiy cold wtnters tn

central North America, and stormy

conditions with floods in Californla

exceptionally wet, mild and windy
winters were experienced in Britain and
north west Europe.
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The effects ofthe
'l 
997_98 El Niňo evenl

!
extremely mild

and Bťftish diq ň(

ColumBiaf\

i'@

Short-term and long-term climatic changes

The 1 997-98 event: the biggest yet experienced
Early 1997 Evidence of a rapid rse in sea temperatures n tbe eastern Pacific

Ju|y E Nlňo condltions jntense'

September aver24mr ionkmrofwarmwater(sizeofNorthandCentra America)

extended from the lnternational Dateline to South America.

199BApri| EvldenceofElNiňoweakening.
June NASA satellite surveillance showed a sign frcant drop rn sea ternperatures

ln the eastern Pacitic.

Autumn Signs of a La Nlňa event (pa9e 253)'

ďšp s0 ae

NW USA British lsles
ano

mild, wet and
windy winterNW Europe

ť(tk./
\\ry l'-
\/-

winteL very
snow rn Rockies

,i Yr.Californi{ / The
ra.-i.^-rtil;-r \ Ca ribbean

,/ ř-l
temperature :. f ť
droos to 4'C '7 \ \ -Y(
suÁgtuop'h. ž -F-'
\ /_\Lr J

wtnrer srotms
and flooding

record s.nog Ieveís
resulting írom fires
in rural areas

acific Ocean
parts over 6"C warmer than

usual - highest sea
r"qE,uru:'":laggo

A mi|d El Niňo episode:2006-07
In September 2006, NASA's lason altimetric

.,^l ,^n^,^ .^^ "i ^i^ r^^ ^ ^.^ ^arl ^)dtE LtE I]ELELLEU O il)C il L tC )CO CVC U L lC

Pacifrc Ocean which indlcated the return of
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Z1\ hujÍ]ea[e seasq! -
suppressed

canal closed to
ships due to

NE Brazil
6 months'droughl

plants bloom lleavy raln
first time in Increases

I O0 years wildlife

E] Niňo' However, the rise WaS 5light, sug'
gestlng that the event mrght be short-lived

ard. beirg 'ot ler. ir e ss l116' tl-e 99 - 98
L Ni,loeo.sode, urI te|) .o loreo o'ea.eíecl

th-east
Asia

clrought

on globalweather patterns. t dec ined within
-'n o-rh r,riil^out.-d rg l"d orgh- rtl.
south-west ofthe USA.

,"ff*%
í,',;,,, .:ť T

.,*-$ŇL.4

PERU For each of 12 days n early March, Peru received the

equivalent oí six months of normaI rain. over severaI months, f ash

f ooding caused 292 deaths, injured more than 16 000 people,

left 400 missing, destroyed l3 2OO houses, wrecked 250 000 km of
roads, swept away bridges, damaged crops and schoo s and dis

rupted the ves of up to ha f a ml ion Peruvlans.

KENYA Parts of Kenya received over I OO0 mm of rainfa dur ng s x

monthS (up to 50 times more than the avetaqe) aÍ a llme norma ly

cons dered to be the'dry seasonl Roads and the mainline raiway
Were swept away, the atter causing the derai ment oÍ the Nalrobl

Mombasa train. Later, rnore than 500 people died of maiaria as the

receding f oodwaters created idea mosquito spawning pools.



LaNiňa

,ust as E] Nlňo was ending in ]une ,l 
99B,

tcrecasters were predrctlng based on an

8.C Íall Ín sea temperatures in the eaStern
?actc n May- the arrivaI that winter of a

La Niňa event' La Niňa, or'ittie gir|j has
c imatrc conditrons that are the reverse of
thoseof El NiĎo. Howeve1a|though when
.a N ňa does appear it isjust before orjust
eiter E Niňo, its oCCUrrenCe has oeerl less

írequent (the ast was between June 19B8

and February I 989) and, consequently, it

s tess easy to predict its possible effects
because there is less evidence.

,..:,.,: ,: 'a:

A La Niňa event

very low pressure

o push arge amounts of water
westwards, giving a hiqher rhan
no[ma sea leve] ln Indonesia and

the Philippines
. rncrease tne equator a under

current and stgnif cantly enhance
the upwe ng ofco d water offthe
Peruvran coast.

Scientists 5U99est that La Niňa can be
inked with lncreased hurrrcane activ ty ln

the Caribbean (Places 3 1 ) and that tt can

nterrupt the.let strean-r over Britatn to give
stormler (Places 29), wetter (Case Study 3C)

and cooler condrtions.

..,.,tt.1t''

stronger equatorial
current

*-"-*áŤtr#*Hmw9

q!1on9er'eqÚatoriaIl undercu'rrerit

I

YJ

very high pressure

'ri.rt:ita!! 
drier

cond itions
than usual
(droughr)

increase in
upwellino of :.Si

cord walr south
i,]]r.J' Ameřica

i
i::.

heaVI eÍ
rainfall than
average

very warm 28"C

cooler
Indonesia

drought
ano warmer

8'C drop in ocean
suÍface temperature
over 5000 km stretch

lit;;;:11';.;',

Possible effects ofa La Niňa

e]/ent 0n World WeatheÍ

A La Niňa episode:2007-08
The.lason altrmetrrc satellite noted, tn

February 200/, a transition fron- the warm
El Ntňo to the cooi La Niňa, a change not

we comed by the pa rched south-west of
the USA This La Niňa episode, the Strongest
for several years, lasted for over I2 months
until it began to weaken in April 2008.

higher temperatures,
storms and flooding

!, -'
heavy
rains L

By then, it had caused torrentral rain in

Australia, breaking a long crop ruining
drought, and had given central Cbina an

exceptjona lly cold, snow-covered winter

26"C

24'C

cool

T..-\.

,lli

S h o rt-term a nd l on g-term cl i matic cha n ge' .i.ff:1iš];*ťff,Íp

In a La N]ňa event, ln Contrast to normaI
conditrons ln the Paclflc Ocean (Figure

9.71),the ow pressure overthe western
Pacific becomes even ower and the high
pressure overthe eastern Paclftc even
higher (Figure 9.74).Thls rneans that rainfal
increases over South east Asia h,vas the
La Niňa event of 1 9B8 responslb|e for the
severe fJooding at that trme in Bangla-
desh?), there are drought conditions ln

South America and, due to rne tncreaseo
drfference in pressure between the two
places, the trade wtnds strengthen.The
stronger trade wrnds:

stronger than normal
trade winds

i';,,",í, 

,

flooding
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(ps!i5;i:i.ii1* Short-term and long-term c!!matic changes

B Long-term change: globalwarming -
an update
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2005 and 2007: the warmest two years on record
Scientists claimed it was clear that temperatures around the world were

continuing their upward cllmb.The globa average for these years was

14.76'C ta 2005 and 14.13"C in 2007 - the two warrnest since reliable

tnstrumenta records began 12ó years ear]ler and, accordlng to paIaeo

climatologists usrng evidence from ancient tree-rings (page 248), prob

ably the bighest in over 1200 years. Records co ected by NASA GISS

also showed that eight of the ten warmest years have been rn the ast

decade a nd that 200/ was the 3 I st consecutive yea r when the g loba I

-eo. Jtro' oléňQolo''ee'reeded lhe or g-r.r^ ototoge/-i9' ^

9.76). More alarmingly, whereas the global mean rose by only 0.23'C in

the 1 00 years between I 880 and 1919,in the 27 years since then it has

lncreased by O 62"C. Although the main reason tor the rise n globa tem
perature (|.igure 9'7ó) is the onger-term eífect of the cont nued re]ease

of greenhouse gases into the atmosphere (Figures 9.7/ aad 9.78), there ls

rncreasrng evldence suggestlng that temperatures increase more rapid y

during an E Niňo rather than in a La Niňa episode
(case study gA). ::ii":::;"'"'t'i;

::i4:.:l:,'::,'1.

Average global temperatures, 1 BB0-2007
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The radiation

balance and the

greenhouse effect

Atmospheric concentration of

carbon dioxide, 1 000-2007
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The major greenhouse gases

WaIeÍ Vap0u r

carbon dÍoxÍde

metnane

nitrous oxide

(Fts

evaporation from the ocean, evapotranspiration ftom land

burning offossil fuels (power houses, industry, transport),

burnin g rainforests, respiration

de(aying vegetation (peat and in swanrps), farming

(fermentinq animal dunq and rire growing), sewage

disposal and landfill sites

vehicle exhausts, fertil iser, nylon manufacture,

p0wer stations

refrigerators, aeroscl sprays, solvents and foams
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b the greenhouse effectthe radiation balance

incomino short-wave
radiation (uItra.víoIet)
passes directly through
the natural greenhouse
gases

less heat escapes
Into space

most outgoing long-wave
radiation (infrared) is

radiated back into space

increase in greenhouse gases
due to human activity. .

natural greenhouse gases

some outgoing radiation is ,t .. . .,

absorbed by, or trapped
beneath, the greenhouse gasesuc| |cdtl |t L| |š 9| EE| || |Uu5š 

.] ::: ' 
] .

nreviorrslv a halanrc'
COr given off by humans and animals - CO, taken in by trees
O, given out.by ti:ees, = O, used by humans and animals : rr::: r rr:r': :rrr:

short-wave radiation is transformed into long-wave radiation
(heat) on contact with the Earth's surface

as more heat is trapped
and retained, so the
Earth's atmosphere
becomes warmer (global
warming)



Short-term and long-term climatic changes

The Earth is warmed during the day by
lncoming, short wave radiation (insola-

tron) from the sun and cooled at night by
outgoing, longer-wave, infra red radiation
page 2al. As, over a lengthy period of
-ne rhe [o'rh,s re rl^erwar-n'rg up ro.
coolrng down, there must be a balance
between incoming and outgoing radia-
tion (page 209). While incoming radiation
s able to pass through the atmosphere
(whlch is 99 per cent nitrogen and oxygen,
Fgure9.2), some of the outgoing radia-
tron is trapped by a blanket of trace gases.

Because they trap heat as in a greenhouse,
these are referred to as greenhouse gases
(Fiqure 9.19). Without these natura green-
house gases, the Earth's average tempera-
ture would be 33'C lower than it is today
- far too co d for life in a ny form, (Du ring
the last ice age, temperatures were only4"C
lower.)Water vapour provides the majority
of the natural greenhouse effect, with
lesser contributions from carbon dioxide,
rnethane, nttrous oxide and ozone.

During the last I 50 years there has been,
r,vith the exception of water vapour which
remarns a constant in the system, a rise in
greenhouse gas concentrations (Figure 9.78).

This has been due largely to the increase
in world popu ation and a corresponding
growth in hurnan activity, especially agri-
cu turaland rndustria activitles.

Hora/fauna

Agriculture

torestry

(oastal regions

Water resources

Energy

Manufacturinýon5třuCtion

Transport

Reaeation/tourism

.a:.a12:,;!:l't:

5peciíic effects of dimate
change in the UK

By adding these gases to the atmos
pnere, we are increasing its ability to trap
heat (Figure 9.79) Most scientists now
accept that the greenhouse effect is

causing giobal warmlng. World te mpera,
tures have risen by 0.9'C ln the last l00
years. Latest predictions suggest that they
are likely to increase by between 1'C and
6"C by the year 2100.5ome of the predicted
global effects of thls climate change are

shown in Figure 9.81.

B r ita i n's weoth er foreca st
forthe 2080s
The latest government report predicts, in
general, an increasingly grim forecast for
the next 70 years. Heavy winter rains, up to
30 per cent in excess of today, will lead to
more frequent floodtng, as was seen in the
English Midlands in 2OO7 (Case Study 3C)

and destructive gales wili be more frequent
and severe. With a predlcted rise in sea-level
of between 2 and 1O cm, storm surges and
higher tides wil threaten coastal areas (Case

Study 6). However, the chances of extremely
coid winters, and the risk of fog and heavy
snowfalls, wi I decrease. Days with rnore
than 25 mm of rain, at present an extreme
event, could occur three or four times a year.

Summers wil be drler with a decrease in rarn

of up to 30 per cent in the south east where
drought wlll become more common. With a

predicted increase in summer temperatures
of over 3'C, heat waves wi I become a more
regular occurrence and there will be many
more oays wnen tnerrnometers exceed
25"C. Changes in the weather wrl be greater
in the south east than in the nortb west.

However, some computer predtctions are

suggesting that Britain's climate could, over
a long period oítime, get co derThls cou]d

happen if the re ease of fresh water from

Greenlandl melting ice cap pushed the
North Atlantic Drift further south so that it no

longer affected all, or certainly parts, of Britain

Effects of climate change in
the UK
DEFRA s claims, based on the predrcted

[o.ecast o.rnirder' 
^elLe' 

)lo.Ťie' u,i^Lets

and warmer, drier summers, are summa-
r.'.d ir igu.e 9'B0' '- LWo .rdi1 lo L Ó.. :

a re:

. the potential effects ofchanging
rainfall patterns on hydro ogy and
ecosystem s

. rising sea levels and more frequent
storms in coastal areas where there is

a large proportion of Brltain's popul-
ation, rts manufacturing industry,
energy production, mineral extraction,
va ued natura environments and
recreational amenities.

Soils
Higher temperatures couId reduce water-holding capacitÍes and increase soil moisture deficits, afíectin9 the type5 ofcrops and trees. Less
organic matter due to drier su mmers (|ess produced) and wetter Winters (m0Íe Iost).

Higher temperatures and increased water defiCit couId mean Ioss of severaI natiVe 5pe(ie5. Wařmer cIimate wouId aIIow plants to grow
further north and at higher altitudes. Earlier flowering plants and arrival 0f migrant birds.

Grasses helped by longer growing season (extra 1 5 days) but cereals h it by drier summers. Increase in number of pests. Maize and vines in the
50uth. Need for iÍrigatÍon in summer.

Certain trees abIe to grow at higher altitudes. New species couId be introduced Írom warmer cIimates.Threats from fires, diseases and pests'

Rise in sea-level plus increase in frequency/number ofgales and frequency/height ofstorm surges would mean more flooding, especially
around estuaries, and increased erosion. Major impact on housing, induÍry, faÍming, eneÍgy, transport and wildIife, inc|uding marine eco-
systems.

Water resources would benefit from wetter winters, but hotter, drier summers would increase demands/pressures. Need for irrigation
in 5ummer in 5outh-east' More frequent river Í|ooding.

5pace heating demand would fall in winter but need for air-conditioning would rise in summer. Probable overall fall in demand. Many power
stations are in threatened coastal areas.

ProbIem for coastal industrie5. teweÍ days Ioí in Constíuction due to les5 5now/frost.

Many types of tran5port aÍe sen5itiVe to extÍeme Weather condition5. Benefit of Iess snow, ice and perhaps fog' Los due to more frequent and
sevele storms and flooding, including flash floods.

Tourism wouId benefít from Ionger, warmer' drier summers, but insufficient snow for skiinq in 5cot|and.

Source: 0[FRA
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Short-term and long-term climatic changes

o

;
.9

.s
ó
o

!

o

_o

,E
C
.9

o
Ú

E
@

c

-
!

_o

.=

o
E
P

ólnH ,.='=,2
Y.a3 = .E e€

6.F ť n' c o!oaP^-'=oú
r š' o- 

' 
..9']

d o h Y * u.YU> .!l= " e.'!; E: v L
Ef i,.1Č c |.=< f 6 -=.=|řo.--E; Eg 8 ťE
-c9 '==

5L-6:9 <; 0 Ea= E-= É <
6ó6u

Óo

N
6

N!Eq

@

.,:r v
:.::]) o

Ý
o
C

,.. s
oo
_o

I

rB
tt>
O-

rE9
G-orf :,

o

čo-*;;7P o -!l

=H : >
!: ,y

'c T
|!0
ěž 

Ň L

ď^ 9 |

-ř .o .g';.-,.'' I {
=P:.Y ov6
=a)F:
IPo?;'=3.9Ú:..'''-,,:.

-o
.!i u
>='E6Gř '6qEš== ť€'= t'_-;F 3:=!E'ái.'1 řF! 9t=ĚĚ - 9- E š

'9|Eý
9S
ř.Eť' ' .],.

oc
t'
, -.ri ) O).=-#9'ř:

a:. Ell -7i,

ú .Y | '=>H SE o-_o..:! 6 
= o9? g= Ě

oo řř 9
P-o. ó ro .-
é< 

= 
.=

2| ř rE* = ?ořs
= ÍE E

,H xq': r Y=
PŤ.l E 6Eg :z
o!/' AEĚ .=

9 o -r.- :' ao
E " 'rr.. ,

]]i]/rl o ú9 oory! bEv q E.:
r't I =o ! 'Ň -=úe.l ó o* .9;U á EŤ Y, !;|o č.: = 

trE
IE Íá ;ř ř5

. řE o9 !: oq
;E .9U 

=; 
š-Q.qE .=c .:il-Y EvP g- *B

rrt o- I :.,.:.-i:-
. ,,,: 

.,/

- E5! :o

'.č š:
os 9 c ?lío) .!jŇ PšE9 x '-F'žÉ €€ 3EttE Es č'.Ni_ 6 ! |.!U- ř c.U€ <.E^řo,r;.!*!

DĚ x.; 
=3t9řx6LJŽĚ o

o)c
š:9
o!c>
c_oF 9e
P 

=O

o
C
coE

o
š

'.. 
,.:]

:l ,' if., u

i

, '',:,':t't" ,''
.t:'l',:..' .,:1. , '

oo
o-'.|€

3=
6o.1

=óE
_o
f

:.

UP

o.=
rSox
oáU:

._tl

tr

a.

íg

vi

=o

órt
tE
o

tr

G
lt
o
(9

I

l

I

o
=coo

UroE
í6Y'
6 Cr

r--o
O",*
6 =.Yo x!
oE ě

gE
c>
ro

o
E

.E

6t3

:-0

.Y
;9j

.3. Ó

\

Weather and climate256



I Barry, R.G. and Chorley, R'J. (2003)

Atmosphere, Weather and Climate,
Routledge.

Bentley, M. (2005) 'Antarctic ozone hole',
GeographyReview Vol 18 No 3 (lanuary).

Burt, T. (2005) 'Rain in the hilis',
Geography Review Vol 18 No 4 (March).

Digby, B. (2005) .E1 Niňo Part 1',

Geogrnphy Review Vol 19 No 2

(November).

Digby, B. (2006) ,El Niňo Patt Z, Geography

Reriew Vol 19 No 3 (JanuarY).

Goudie, A.S. (200I) The Nature of the

Env ironment, WileYBlackweIl.

Holden, J. (2008) Introduction to Physical
Geography and the Environmenf, Prentice
Hall.

Middleton, N. 'Acid shock', Geography
RettiewVol lB No 4 (March).

O'Hara, G., Sweeney, J. and O'Hare, G.
(.1986) The Atmospheric Systeffi, Oliver &

Center for Ocean-AtmosPheric
Prediction Studies, resources:

http: i /coaps.fsu.edu/Iib/elninolinks/
themes

Earth Space Research Group, Indian
monsoons:

\ rwrv.icess.ucsb.edu/esrg/iOM2 I StattZ -
IOM.html

Jet Propulsion LaboratorY, NASA, El
Niňo:

www. jpl.nasa.gov/earth/ocean . motion/
e1-nino,index.cfm

UK Climate Impacts Programme:
www.ukcip. org.uk/index.PhP

UK Meterological Office (Met Office):
www.metoffice. gov.uk/

UK Met Office weather charts:
\^/Ý\'vV.meto. gov.uk/education l data l
charts.html

Union of Concerned Scientists (UCS)'
global warming:

http :i /ucsusa. org/warming/index'htm1

Union of Concerned Scientists (UCS),
ozone depletion:

w}.Vý. uc5usa.orgigIoba l_wa rm i n gi
science-and,imPacts/sciencel
faq-about-ozone-depletion-and.html

US Environmental Protection Agency,
global warming:

v,'ww.epa. gov/climatechange/index.
htmi

US Environmental Protection Agencý
glossary of climate change terms:

http://yosem i1e.epa. gov/oa ri
giobaiwarming.nsf/contenti glossary.html

US Environmental Protection Agency,
ozone science:

n'r'vw.epa. gov/ozone/strathome.html

US National OceanograPhic and
Atmospheric Administration (NOAA)
Climate Prediction Center:

www.cpc.noaa.gov/

Us NOAA, El Niňo / La Niňa:
výWw.cpc.noaa. gov/products/analysis'
monitoring/ensostuffi

www. elnino.noaa.gov/

US NOAA, hurricanes:
http: //hurricanes.noaa. gov/

US NOAA, research:
www.cdc.noaa. govi ENSO

l

I Boyd.

Smithson, P., Addison, K. and Atkinson,

I x. lzooA; Fundamentals ofPhysical
\ GeograPhy, Routledge.

Act!vities
|.......t€eĚ*áČ$.l..€o94..í9..ř6**&..ůdsŮ*éě9ť'*G...6s....'6i&*..g*&Óttt.Ů...'*9q..'É

1 a What is the'atmosphere'of the Earth? (3 marks) b Use Places 29 (page 232) to answer the following questions:

i What was the weather forecast on 1 1 -1 5 October 1 987?
(3 marks)

ii Describe the meteorological conditions over the
Western Approaches and Bay of Biscay at 6.00 pm

b What is the dlfferencebetween'weather'and tlimate'?
(4marks)

c Describethe'solarcascadeofenergy'totheEarth' (4marks)

d Whatisthe importance of i carbon dioxideand ii clouds
in the energy balance of the Earth? U marks)

e Ozoneinthetroposphere is a dangerto health.Whyisthere
concern that ozone in the stratosphere is being depleted?

(5 marks)

f What measures can be taken to restrict the potential

damage due to ozone depletion? 6 marks)

2 a How does a meteorologist get information to forecast
the weather? G marks)

on 15 October.

iii Describethetrackofthestormoverthenext
12 hours.

(3 marks)

(4marks)

v Describe three effects of the storm on people. (3 marks)

< Explain two reasons why meteoroloqists failed to forecast

the very strong winds of 1 5 October. @ marks)

iv What happened to the weather over southern England

during this 12-hour period? (4 marks)
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3 a Explain how each of the following factors affects the winds that
cross them:

i a large body of water (e.9. a sea)

ii a mountain range.

b On a field course in Switzerland a geography student noted:
'On the north-facing side of the valley the forests came close
to the valley floor while the settlement huddled at the foot
of the south-facing slope and here there were ploughed
fields.There were forests but they started higher up the
slooe.'

Suggest the cause of these differences in land use. (6 marks)

c A January weather forecast for the U K stated:'Although it will
be cool today, temperatures will stay above freezing tonight
because ofthe cloud coveri

Explain the effect of cloud on temperature.

Why is it warmer in summer than in winter?

i Whatis'stratus'cloud?

ii Whatistumulo-nimbus'cloud?

6 & @ a 4 4 4 + ó + € + É É 4 a 4 e & & a ě é ? ě ež z4,|

c Why does fog often form over a coastal area in the
autumn? bmarksi

d Explaintheformationofsmog overan urban area. (Bmorksl

Describe the causes ofthe ITCZ. (5 markit

What weather conditions are associated with the ITCZ?

(10 marks)

c Why does the ITCZ move with the seasons? (10 markl

Study Figure 9.82 and answer the following questions.

a What isthe name of the pressure system shown?(2marký

b What is the weather Iike at p|ace A (Doncaster)? (4motkí

What is the red line with half circles on it? (5 marký

Locate the warmest and the coolest place in the Brltish

ls les. (2 narkl

e i Overthe next 1 2 hours the pressure system movesso

that it is in the North Sea.

Give a weather forecast for place A
this period.

(Doncaster) over

ii Why would you expect this to happen?

Describe and explain what happens to incoming solar
radiation (insolation) once it reaches the edge of the

(4 marks)
(6 marks)

(4 marks)
(5 marks)

(2 marks)
(2marks)

a

b

C

d

Making good use of diagrams, explain why rain falls when
an onshore wind blows over an upland area. (7 marks)

Š:*xy-:ŤŤYY-Ť'-tt:x:tY:Ť*YxYŤ1lqŤ:- É s a É *

7 a Study Figures 9.82 and 9.83. Describe the changes in the
weather being experienced at Limerick (place C) over
this 24-hour period. (B marks)

b Exp|ain what has happened to thefrontaI system oveř
this period of time (B marks)

c Describe, and explain the causes of,the types and
distribution of the precipitation shown in Figure 9.83.

I marks)

Describe three mechanisms that are likely to trigger upward
movementof a parcel of airfrom sea level. (6marks)

srudy Figure 9.84.

i What is meant by the term'ELR'? (4 marks)

ii ldentifythe height of the base of clouds. (1 mark)

iii Explain why.this height is the cloud base. (4marks)

iv ldentify the air stream(s) (A, B, C) that would have
cloud cover. State why this is so. (2 marks)

v At what height would condensation in a cloud be
in the form of ice? (2 marks)

,10 0
temperature ('C)

Weather and climate
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c Choose eitheÍ stabiIity or instabiIity. Describe and
explain the weather conditions normally associated
with that atmospheric condition. (6 marks)

i Using an annotated diagram only, illustrate the
variation of temperature and pressure with altitude
in the atmosphere (6 marks)

ii Explain the variations in temperature with altitude
in the atmosphere. (6 markl

i Study Figure 9'5 (page 209). Making good use oí
the data, explain why there is a general trend of
movement of heat energy from the Equator to the
poles. 6 marks)

ii Describe how heat is transferred from the tropics
towards the poles. (7 marks)

(6 marks)

(6 marký

Earth's atmosphere. (10 marks)

Explain the importance of each of the following in
relation to heat energy in the atmosphere:

i latitude

ii altitude

iii land and sea. (10 marki

The greatest amount of insolation is experienced close to

the Equator. Why does this area not become increasingly
hot? (5 marki

Suggest one way you could test the hypothesis that the
temoeratures in an urban area are different from those in

the surrounding countryside. Describe the method you
would use to collect and record the data to carrv out the

10 a

b
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proposed test. (7 marks)
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Weather map for 1 200 hrs,

12lanuary 1984

b Explain two reasons why temperatures in urban areas
may be higher than those in surrounding rural areas.

(10 marks)

c Suggest two ways in which planning policies can
reduce the problems caused by microclimatic features
of urban areas.

12 a Exp|ain the diÍference between abso|ute humidity and

\š\:.

(B marks)

Weather map for 1200 hrs,

13 January 1984

b a mature depression with its centre over the Central
Valley of Scotland in summer

c a depression centred over Paris and an anticyclone to the
north of Scotland in January.

Choose two ofthe situations a-c and, in both cases,
describe how weather conditions would vary in two
contrasting locations ln the British lsles.

(B marks) Explain these variations. (12 + 13 marks)

'14 a Study Figure 9.49 (page 235). Describe the major
distribution of tropical storms as shown on the map.

6 marks)

b Choose any one type of tropical storm. Describe and
exolain the seouence of weather associated with the
passage of the storm. (10 marks)

Explain how people respond to the hazard posed by
tropical storms. In your answer refer to countries at
different stages of economic development. (9 marks)

9e

l-r_ os
i:o

20'w

relative humidity
b Making good use of diagrams, show how condensation

occurs as air rises through the atnnosphere. (10 marks)

c Explain the cause of low-level clouds (mist) as shown in
Figure 9.23 (page 221) (7 marks)

'13 Thefollowing are meteorological conditions that develop a

range of weather conditions over the British lsles:

a an anticyclone centred over the English Midlands in
winter

"lxry 
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15 'The polar front jet stream is one of the most important
influences on the climate of the British lslesl
Discuss this statement (25 marks)

16 Thepassageofa depression overthe British lsles leadsto
predictable changes in the weather over a period of time.
Describe and explain the sequence of weather experienced in
Liverpool over a I2-hour period as a mature depression passes

É & ž + É /' e 4 ., 4 + É * e í+ u .e l' zj e 4 |a 5 .1 + x ? É':' 4 9 + 4': ? 4 + ý

'There is now overwhelming scientific evidence that
human activity is causing major changes to the global
climatel
ls this statement true? Justify your answer. (25 marks)

17

2s9

from west to east (25 marks)
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