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A drainage basin is an area of land drained by a
river and its tributaries. Its boundary is marked
by a ridge of high land beyond which any pre-
cipitation will drain into adjacent basins. This
boundary is called a watershed.

A drainage basin may be described as an open
system and it forms part of the hydrological or
water cycle. If a drainage basin is viewed as a
system (Framework 3, page 45) then its
characteristics are:
e inputs in the form of precipitation (rain

and snow)
ffi outputs where the water is lost from the

system either by the river carrying it to the
sea or through evapotranspiration (the loss
of water directly from the ground, water
surfaces and vegetation).

Within this system, some of the water:
m is stored in lakes and/or in the soil, or
x passes through a series of transfers or flows,

e.g. i n [i ltration, percolal ion, through flow.

Kler"nents *ťthg drainage basim s}íst€ř,ť3

Figure 3.1 shows the drainage basin system as tt
is likely to operate in a temperate humid region
such as the Bri I ish lsles.

Frecrpxťmťámrt
This forms the major input into the system, though
amounts vary over time and space. As a rule, the
greater the intensity of a storm, the shorter its dura-

tion. Convectional thunderstorms are short, heaty
and may be confined to small areas, whereas the
passing of a warm front of a depression (page 23 ,

will give a longer period of mole steady rainfall
extending over the entire basin.

řx,r*p * řrwrx$p í$,# *á*í|
The two components of evapotranspiration
are outputs from the system. Evaporation is
the physical process by which moisture is lost
directly into the atmosphere from water sur-
faces, including vegetation and the soil, due
to the effects of air movement and the sun's
heat. Transpiration is a biological process by
which u/ateÍ iS lost from a plant through the
minute pores (stomata) in its leaves. Evaporation
rates are affected by temperature, wind speed,
humidity, hours of sunshine and other climatic
factors. lianspiration rates depend on the time
of year, the type and amount of vegetation, the
availability of moisture and the length of the
growing season. It is also possible to distinguish
between the potential and the actual evapotran-
spiration of an area. For example, in deserts there
is a high potential evapotranspiration because
the amount of moisture that could be iost is
gÍeatel than the amount of water actually avail-
able. On the other hand, in Britain the amount
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of water available for evapotranspiration nearly
always exceeds the amount which actually takes
place, hence the term actual evapotranspira-
tion. In other wolds, transpiration is limited by
the availability of water in the soil.

šmř*rrepéďort
The first laindrops of a rainfall event will fall
on vegetation which shelters the underlying
ground. 'Ihis is called interception storage. It is
gleateÍ in a woodland area or Whele tÍee clops
are grown than on grass or arable land. If the pre-
Cipitation is líght and of ShoIt dulation, much of
the \ /ater may never reach the ground and it may
be quickiy lost from the system through evapora-
tion. Estimates suggest that in a woodland area
up to 30 peÍ cent of the precipitation may be lost
through interception, which helps to explain
why soil erosion is limited in forests. According
to Newson (I97 5),'Interception is a dynamic
process of filling and emptying a shallow store
(about 2 mm in most UK trees). The emptying
occurs because evaporation is very efficient for
small raindrops held on tree surfaces.' In an area
of deciduous trees, both interception and eva-
potranspiration rates will be higher in summer,
although the tÝVo pÍocesses do not occuÍ Simul-
taneously.

If a rainfall event persists, then water begins
to reach the ground by three possible routes:
dropping off the leaves, or throughfall; flowing
down the trunk, or stemflow; and by under-
going secondary interception by undergrowth.
Following a warm, dry spell in summel, the
ground may be hard; at the start of a rainfall
event water will then lie on the surface (surface
storage) until the upper layers become suf-
ficiently moistened to allow it to soak slowly
downwards. If precipitation is very heavy ini-
tially, or if the soil becomes saturated, then

excess \^,rater will flow over the surface, a transfer
known as surface runoff (or, in Horton's term,
overland flow) (Figure 3.2).

ý*xřsťťrgťť*yx

In most envilonments, overland flow is rela-
tively rare except in urban areas - which have
impermeable coverings of talmac and concrete

or during exceptionally heavy storms. Soil
will gradually admit water from the surface, if
the supply rate is moderate, allowing it slowly
to infiltrate vertically through the pores in the
soil. The maximum late at which WateÍ can
pass through the soil is ca11ed its infiltration
capacity and is expressed in mm/hr. The rate of
infiltration depends upon the amount of water
already in the soil (antecedent precipitation),
the porosity (Figure 8.2) and structure of the
soil, the nature of the soil surface (e.g. crusted,
cracked, ploughed), and the type, amount and
seasonal changes in vegetation cover'. Some of
the Watel wíll flow laterally as throughflow.
During drier periods, some u/ater may be drawn
up towards the surface by capillary action.

Pgre*ď*gťí*px
As \ /ater reaches the underlying soil or rock
layers, which tend to be more compact, its
progress is slowed. This constant movement,
called pelcolation, cleates groundwater storage.
Watel eventually collects above an impermeable
rock layer, or it may fill all pore spaces, creating
a zone of saturation. The upper boundary of the
saturated material, i.e. the upper surface of the
groundwater layer, is known as the water table.
Water may then be slowly transfer red laterally as

groundwater flow or baseflow. l,xcept in areas
of Carboniferous limestone, groundwater leve1s
usually respond slowly to surface storms or short
periods of drought (Figure 3.5). During a lengthy
dry period, some of the groundwatel Stoťe wiil be
utilised as liver levels fall. In a subsequent u/etter
period, groundwater must be replaced befole the
level of the river can lise appreciably (Figure 3.3).
If the water table reaches the sulface, it means
that the ground is saturated; excess water will
then form a marsh where the land is flat, or will
become surface Íunoff if the ground is sloping'

ťí*g*x*pg$ ff*w
Although some rain does fall clirectly into the
channel of a river (channel precipitation), most
water reaches it by a combination of three transfer
pÍocesses: surface runoff (overland flow), through-
flow, or groundwater flow (baseflow). Once in the
ríver, as channel storage, water flows towards the
sea and is lost from the drainage basin system.
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Á model iIlustratinq

soil moisture budget

Yřt* ier*t*r fuxěama*
This shows the state of equilibrium in the
drainage basin between the inputs and outputs.
It can be expressed as:

P = Q + E + change in storage
where:
P = precipitation (measured using rain gauges.)
Q = runoff (measured by dlscharge fluňes"in

the river channei), and
t = evapotranspiration. (This is far more dif-

ficult to measure _ how can you measure
accurately transpiration from a forest?)

In Britain, the annual precipitation nearly
always, in most years and in most places, exceecls
evapotranspiration. As, theretbre, precipitation
input exceeds evapotranspiration joss, tien there
is positive water bali
However in some'."T::J"';HT j]Í?:j,.".
1995 and 1996, the long, clry summers, especiallv
in the south and east ofthe country, ..ruti.J
in evapotranspiratlon exceeding piecipitation
to give a temporary negative water bálance.
Changes in storage in the water balance reflect
the amount of moisture in the soil. The soil
moisture budget is, accor.ding to Newson, a sub_
system of the catchment water balance.

. _ 
Figure 3.3 is a graph showing the soil moisture

balance for an area in south-easi Engtand. Dunng
Winte| precipitation exceeds evapořanspiration
creating a soil moisture surplus which risults
in considelable surface runoff ancl a rise in river
levels. In summer, evapotranspiration exceeds
pre_cipitation and so plants and humans have to
utilise water from the soil store leaving it depleted
and causing river ievels to fall. By autňn, #hen
precipitation again exceeds evapotranspiration,
the first of the surplus \ /ater has to be used to
recharge the soil until it reaches its field capacity
(page 267). At no time in Figure 3.3 was the utihsa_
tion of water sufficient to create a soil moisture
deficit (as in Figure 3.4b;.
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An impoltant aspect of hydrology (the study
of water, precipitation, runoff and evapora-
tion/transpiration processes) is how a drainage
basin reacts to a period of rain. This is important
because it can be used in predicting the flood risk
and in making the necessaly precautions to avoid
damage to propefiy and loss of life. The response
of a river can be studied by using the storm ol
flood hydrograph. The hydrograph is a means
of showing the dischalge of a river at a given
point over a short period of time. Discharge is the
amount of \ /ater originating as precipitation which
reaches the channel by surface runoff, throughflow
and baseflow. Discharge is theretbre the water nof
stored in the drainage basin by interception, as
surface storage, soil moisture storage or ground-
\ /ater storage or lost through evapotranspiration
(Figure 3.1). The model of a storm hydrograph,
Figure 3.5, shows how the discharge of a river
responds to an individual rainfall event.

ňl$**sxríeep ďfs*& *s"g*
Discharge is the velocity (speed) of the river,
measured in metres (m) per second, multiplied
by the cross-sectional area of the rivel meas-
ured in m2. This gives the voiume in m3/sec or
cumecs. It can be expressed as:

Q=ÁxV
where:

Q = discharge
Á = closS-S€ctional area
V = velocity.

íra *erpc**rrug ťfu * &yďn*#ť{řp&
Refer to the hydrograph in Figure 3.5.'lhe graph
includes the approach segment which shows
the discharge of the river before the storm (the
antecedent flow rate). When the storm begins, the
river's response is negligible for although some
of the rain does fall directlv into the channel.

0000 (day 2) 1200 (day 2) oo0o (day 3)
time (hours)

falling limb or recession

baseflow

most falls elsewhere in the basin and takes time
to reach the channel. However, when the initial
surface runoff and, later, the throughflow even-
tually reach the liver there is a rapid increase in
discharge as indicated by the rising limb. 'lhe
steeper the rising limb, the faster the response
to rainfall - i.e. water reaches the channel more
quickly. The peak discharge (peak flow) occurs
when the river reaches its highest level. The period
between maximum precipitation and peak dis-
charge is referred to as the lag time. The lag time
varies according to conditions within the drairrage
basin, e.g. soil and rock type, slope and size of
the basin, drainage density, type and amount of
vegetation and water already in storage. Rivels
with a short lag time tend to experience a higher
peak discharge and are more pÍone to flooding
than rivers \ /ith a long lag time. The falling
or recession limb is the segment of the graph
where discharge is decreasing and river levels are
falling. This segment is usually less steep than the
rising limb because throughflow is being released
lelatively slowly into the channel. By the time al1
the water from the storm has passed thÍough the
channei at a given location, the river will have
returned to its baseflow levei - unless there has
been another storm within the basin. Stormflow
is the discharge, both surface and subsurface flow,
attributed to a single storm. Baseflow is vely
slow to respond to a storm, but by continually
releasing groundwater it maintains the river's
flow during periods of low plecipitation. Indeed,
baseflow is more significant over a longer per.iod
of time than an individual storm and reflects
seasonal changes in precipitation, snowmelt,
vegetation and evapotranspiration. Finally, on
the graph, bankfull discharge occurs when a
river's \ /ater level reaches the top of its channel;
any fulther increase in discharge will result in
flooding of the surrounding land. This happens,
on average/ once every year or two.
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In some drainage basins, river discharge increases
very quickly after a storm and may give rise to
frequent, and occasionally catastrophic, flooding.
Following a storm, the levels of such rivers fall
almost as rapidly and, after dry spells, can become
very low. fuvers in other basins seem neither to
flood nor to fall to very low levels. There ar.e several
factors which contribute to regulating the ways in
which a river responds to pÍecipitation.

"í &gsšn sšz*, shnpe gnď regš*ť
Size If a basin is small it is likely that rainfall will
reach the main channel more rapidly than in a
larger basin where the water has much Íurther to
travel. Lag time will therefore be shorter in the
smaller basin.

Shape It has long been accepted that a cir_
cular basin is more likely to have a shorter lag
time and a higher peak Í1ow than an elongated
basin (Figure 3.6a and b). All the points on the
\ /atershed of the former are approximately equi-

distant from the gauging station, whereas in the
latter it takes longer for water from the extremi.
ties of the basin to reach the gauging station.
However, Newson (.I994) has pointed out that
studies made in many regions of the world have
shown that basin shape is less reliable as a flood
indicator than basin size and slope.

Relief The siope of the basin and its valley
sides also affect the hydrograph. ln steep-sided
upland valleys, \ /ater is likely to reach the riveL
more quickly than in gently sloping lowland
areas (Figure 3.6c).
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Prolonged rainfall Flooding most frequently
occurs following a long period of hear.y rainfall
when the ground has become saturated and
infiltration has been replaced bv surface runoff
(overland flow).

Intense storms (e.g. convectional thuncler-
storms) When healry rain occurs, the rainfall
intensity may be greater than the infiltration
capacity of the soil (e.g. in summeÍ in Britain,
when the ground may be harder). The resulting
surface runoff is likely to produce a rapid rise in
river levels (flash floods) - Boscastle, Cornwall,
Places 12, page 80.

Snowfall Hear,y snowfall means that \^/ateÍ
is held in surface storage and river levels drop.
When temperatures rise rapidly (in Britain, this
may be with the passage of a warm front and its
associated rainfall, page 231), meltwater soon
reaches the main river. It is possible that the
ground will remain frozen for some time, in
which case infiltration wili be impeded.

hydrographs showinq long Pro[ile
the relationship
between the long 

I

profile and the storm
hydrograph I I

3 řempenmťa*re
Extremes of temperature can restrict infiltra-
tion (very cold in winter, very hot and dry in
summer) and so íncrease surface runoff. If evapo-
transpiration rates are high, then there will be
less water available to flow into the main river

4 tgr*ďees*
Vegetation Vegetation may help to pÍevent
flooding by intercepting rainfall (storing mois-
ture on its leaves before it evaporates back into
the atmosphere - page 59). Estimates suggest that
tropical rainforests intercept up to 80 per cent of
rainfall (30 per cent of which may later evapo-
rate) \^/hereas arable land may intercept only
10 per cent. Interception is less during the winter
in Britain when deciduous trees have shed their
ieaves and crops have been harvested to expose
bare earth. Plant roots, especially those of tiees.
reduce throughflow by taking up water from
the soil.

62 Drainage basins and rivers
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Flooding is more likely to occur in deforested
aÍeas/ e.g. the increasingly frequent and seIious
flooding in Bangladesh is attdbuted to the
removal of trees in Nepal and other Himalayan
areas. In areas of afforestation, flooding may
initially increase as the land is cleared of old
vegetation and drained, but later decrease as

the planted trees mature. Newson (1.994) points
out that, after 20 yeaÍs of data collecting, the evi-
dence suggests that the canopy has more effect
on medium flows than on high flows,
as the main ditches remain active.

Figure 3.7 contrasts the storm hydrographs
of two rivers. Although they rise very close
together, the River Wye flows over moors and
grassland, wheleas the River Severn flows
through an area of coniferous forest.

Urbanisation Urbanisationhasincreased
flood risk. Water cannot infiltrate through
tarmac and concrete, and gutters and drains
calry Watel more quick1y to the nealest IiVeÍ.

Small streams may be either canalised so that

(with friction reduced) the water flows away
more quickly, or culverted, which allows only a

limited amount of water to pass through at one
time (Figure 3.8).

5 ffi*c$* *ype fgr*mfmgry,ř
Rocks that allow water to paSs through them aťe

said to be permeable. There are two types of per-
meable rock:

ffi Porous, e.g. sandstone and chalk, which
contain numerous pores able to fill with and
store \ /ater (Figure 8.2).

& Pervious, e.g. Carboniferous limestone, which
allow water to flow along bedding planes and
down joints within the rock, although the
rock itself is impervious (Figure 8.1).

As both types permit rapid infiltration, there is
little surface lunoff and only a limited number
of surface streams. In contrast impermeable
rocks, such as granite, do not allow water to
pass through them and so they are characterised
by more surface runoff and a greater number of
streams.

6 s*rťťyBe
This controls the rate and volume of infiltration,
the amount of soil moisture storage and the rate
of throughflow (page 265). Sandy soils, with large
poÍe spaces' a1low rapid infiltration and do not
encouÍage flooding. Clays have much smaller
pore spaces and they are less well connected;
this reduces infiltration and throughflow, but
encourages surface runoff and increases the risk of
flooding.

7 *r*šrz*g* ď*msf$r
This refers to the number of surface streams in
a given area (page 67). The density is higher on
impelmeabie rocks and clays, and lower on per-
meable rocks and sands. The higher the density,
the gÍeater is the probability of flash floods. A
flash flood is a sudden rise of water in a river,
shown on the hydrograph as a shorter 1ag time
and a higher peak flow in relation to normal dis-
charge.

s řlďeg &nď steťm swťges
High spring tides tend to prevent river floodwater
from escaping into the sea. Flood\ /ater therefore
builds up in the lower part of the valley. If high
tides coincide with gale-force winds blowing
onshore and a narrowing estuary, the result may
be a storm surge (Places 19, page 148). This hap-
pened in south-east England and in the Nether-
Iands in 1953 and prompted the construction of
the Thames Barrier and the imolementation of the
Dutch Delta Plan.

i!g::rr 3.?

Ihe effect of

\/eqetation on the

íotm hydtographs

ďthe Rivers Wye and

5wern (geology and

pre(ipitation are the

same in both basins)

iigur* 3.i3

An urban river
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Rainfall and runoff

for the River Don,

Yorksh ire

*iv*r r*#tťt:*s
The regime of a river is the term used to clescribe
the annual variation in discharge. The average
regime, which can be shown by either the mean
daily or the mean monthly figures, is determined
primarily by the climate of the alea, e.g. the
amount and distribution of rainfail, together
with the rates of evapotranspiration and snow-
melt. Local geology may also be significant. There

River Don,Yorkshire
river discharge

Figure 3.9 shows the rainfall and runoff figures
for the River Don (South Yorkshire) for one year.
Discharge is usually at its highest in winter when
Britain receives most of its depressions and when
evapotranspiration is limited due to the low
temperatures. Early spring may also show a peak if

river flow

ffi---\.tr]31".i:';"Ji::"

are few rivers flowing today under wholly natural
conditions, especially in Britain. Most
are managed, regulated systems which result
from human activity, e.g. reservoirs ancl tlood pro.

tection schemes.
Regimes of rivers, which ar.e used to demon_

strate seasonal variations, may be either simple,
with one peak period of flow, or complex with
several peaks (Places 9).

and River Torridge, Devon:

the source of the river is in an upland area liable to
heavy winter snowfalls - in this case, the pennines.

It is possible for runoff to exceed precipitation, e.g.
when heavy snowfall at the end of a month melts
during a mildel drier period at the beginning of the
next month. In contrast, river levels are lowest in
summer when most of Britain receives less rainfall
and when evapotranspiration rates are at their
highest. There is often a correlation, or relationship,
between the two variables of rainfall and runoff.
This relationship can be shown by means of a
scattergraph (Framework 19, page 612). Rainfall is
plotted along the base (the x axis) because it is the
independent variable, i.e. it does not depend on the
amount of runoff. Runoff is plotted on the vertical
or y axis because it is the dependent variable, i.e.

runoff does depend upon the amount of rainfall.

The Environment Agency (EA) also produces
hydrographs covering longer periods of time than
for a single storm (Figure 3.5) but with far greater,
and more useful, data than that given for the annual
regime of a river (Figure 3.9).

Figure 3.10 gives rainfall and discharge for a wet
month in late 1992 for the RiverTorridge in Devon.
It shows that:

as most of the peak discharges occur within a

day of peak rainfall then the river must respond
quickly to rainfall and, therefore, is likely to pose
a flood risk

the highest discharge (on the 3Oth) came after
several very wet days during which river levels
had no time to drop, rather than after a very wet
day (the 17th) which followed a relarively dry
spellof weather.
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Morphometry means 'the measurement of
shape or form'. The development of morpho-
metric techniques was a major advance in the
quantitative (as opposed to the qualitative)
descliption of drainage basins (Framework 4).
Instead of studies being purely subjective, it
became possible to compare and contrast dif-
ferent basins with precision. Much of the early
work in this field was by R.E. Horton. In the mid-
1940s he devised the 'l.aws of drainage composi-
tion' which established a hierarchy of streams
ranked according to 'order'. One of these laws,
the law of stream number, states that within a

drainage basin a constant geometric relationship
exists between stream order and stream number
(Figure 3.72a).

Figure 3. 1 1 shows how one of Horton's suc-
cessol's, A.N. Strahler, defined streams of different
order. All the initial, unbranched source tribu-
talies he called first order streams. When two
first order streams join thcy form a second order;
when two second order streams merge they form
a third order; and so on. Notice that it needs two
stream segments of equal order to loin to produce
a segment of a higher otder, while the order
remains unchanged if a iower order segment joins
a higher order segment. For example, a second
order plus a second order gives a third order but
if a second order stream joins a third order, the
resultant stream remains as a third order'. A basin
may therefore be described in terms of the highest
order stream within it, e.g. a 'third order basin' or a
'fourth order basin'.

If the number of segments in a stream order
is plotted on a semi-log graph against the stream
order, then the resultant best-fit line will be
straight (Figure 3.72a). On a semi-log graph, the
vertical scale, showing the dependent variable
(Framework 19, page 612), is divided into cycles,
each of which begins and ends ten times greater
than the previous cycle, e.g. a range of 1 to 10, 10
to 100, 100 to 1000, and so on. (lfthe horizontal
scale, showing the independent variable, had
also been divided into cycles instead of having
an arithmetic scale, then Figure 3.12 would have
been referred to as a log-1og graph (Iigure 18.25).)
l.ogarithmic graphs are valuable when:
ffi the rate of change is of more interest than the

amount of change: the steeper the line the
greater the rate of change

ffi there is a greater rangc in the data than there
is space to express on an arithmetic scalc (a

log scale compresses values)
ffi there are considerably more data at one end

of the range than the other.
Figure 3.12a shows a perfect negative colrela-
tion (Figure 2I.I1): as the independent variable
(in this case the stream order) incrcases, then
the dependent variable (the number of streams)
decreases. Studies of stream ordering for most
livers in the world produce a similar straight-
iine relationship. For any exceptions to Horton's
law of stream ordering, further studies can be
made to detelmine which 1ocal factors alter the
relationship. Relationships also exist between
stream order and the mean length of streams
(Figure 3.Izb), and stream order and mean
drainage basin alea (Figure 3.12c).
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Horton's work has made it possible to cornparc clit_
terent dlainage basins scientifically (quantitativelv)
rather than relying on subjective (qualitative)
descriptions by individuals. It also allolr,s studies
of clrainage basin rnorphomctly in ciiÍfet ent parts
of the wolld to use the same stanciarcls, measulc-
rnents and'language'.

Figure 3.13 shoti,s two imaginary ancl aclia_
ccnt basins. 'fhese can be compared in several
different wa1,s, including:

xc the bifurcation ratio, and
ffi drainagc ciensity.

3 řxe &fť*grc*pťřmm rmťfp
'l'his is the rclationship betl,ireen the number of
streanls of one orcler and those of the next highest
order. it is obtainecl by ctividing the numbelof
streanls in one order by the number in the next
highest order, e.g. for basin A in Figure 3.13:

012345
stream order

(numbcr of first
oldeÍ stleams) = . = +..r.r

o(number of second
oÍdcI stlealns)

(number of second

- oldcr stleams)
(nrrmbel of thircl
olclel streants)

(number of third

- ordcr streams)
(nurnber of foulth

order str-eams)

and then finding the mean of all the latios in
basin heing strrclicd, i.e.

bifurcation
3.11 = ratio for

basin A
The human significance of the bifurcation
ratio is that as the ratio is reducccl so the risk o
floociing within the basin increases. It also incl
cates the f]ooci risk for parts, Iathel than al], oÍ
the basin. Most British rivers have a biturcatior
ratio of between 3 and 5.

012345
stream order
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A=; =3.00

-2 =2.00
1
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-T rl
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I
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f--l oía|nag
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function of t
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v gau9rng
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Brainage density
This is calculated by measuring the total length of
all the streams within the basin (l) and dividing
by the area of the whole basin (Á). It is therefore
the average length of stream within each unit
area. For basin A in Figure 3.13, this will be:

L - 22'65 = 1.81 kmoerkm2A t2.50
In Britain most drainage densities lie between
2 and 4 km per km2 but this varies consider-
ably according to local conditions. A number of
factors influence drainage density. It tends to be
highest in areas where the land surface is imper-
meable, where slopes are steep, \ /here rainfall
is hear'y and prolonged, and where vegetation
cover is lacking.
a Geology and soils On very permeabie rocks

or soils (e.g. chalk, sands) drainage densities
may be under I km per km2, whereas rhis
increases to over 5 km per km2 on highly
impermeable surfaces (e.9. granite, clays).

As geography adjusted to a moÍe scientific
approach in the 'l 960s, a series of statistical
techniques were adopted which could be used
to quantify field data and add objectivity to the
testing of hypotheses and theories. This period is
often referred to as the'Quantitative Revolutioni

At Íirst it seemed to many, the author inc|uded, that
mathematics had taken over the subject, but it is
now accepted that these techniques are a useful aid
provided they are not seen as an end in themselves.
They provide a tool which, if carefully handled and
understood, gives greater precision to arguments,
helps in the identification of patterns and may
contribute to the discovery of relationships and
possible cause-effect links. In short, by providing
greater accuracy in handling data they reduce the
reliance upon subjective conclusions.

It is essential to select the most appropriate
techniques for the data a nd for the job in ha nd.

Therefore some understanding of the statistical
methods involved is imoortant.

statistical methods may be proíitab|y emp|oyed in

these areas.

1 Sampling (Framework 6, page 159) Rapid
collection of the data is made oossible.

In Figure 3.13 with two adjacent drainage
basins of appÍoximately equal size, shape and
probably rainfall, the difference in drainage
density is likely to be due to basin A being on
clays and basin B on sands.
Land use The drainage density, especiaily of
first order streams, is much greater in areas
with little vegetation cover. The density
decreases, as does the number of first order
streams, if the area becomes afforested.
Deserts tend to have the highest densities of
first order channels, even if the channels are
dry for most of the time.
Time As a rivel pattern develops over a
period of time, the number of tributaries will
decrease, as will the drainage density.
Precipitation Densities are usually highest
in areas where rainfall totals and intensity are
also high.
Relief Density is usually greater on steeper
slopes than on more gentle slopes.

2 Correlation and regression (Framework

19, page 612) This not only shows possible
relationships between two variables but
quantiíies or measures the strength of those
relationships.

3 Spatial distributions (Framework 19, page

6l2) Not only may this approach be used to
identify patterns, but it may also demonstrate
how likely it is that the resultant distributions
occurred by chance.

When these new techniques first appeared in
schools in the 1970s, they appeared extremely
daunting until it was realised that often the
difficulty of the worked examples detracted from
the usefuIness oíthe technioue itse|f. Where such
techniques appear in this book, the mathematics
have been simplified to show more clearly how
methods may be used and to what effect. With the
wider availability of calculators and computers
it has become easier to take advantage of more
complex calculations to test geographical
hypotheses (Framework 10, page 299). Much of the
'number crunching'has now been removed by the
increasing availability of statistical packages for
computers.
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Turbulence in a river

the conÍ| uence of

the Rio Amazon (red

with silt from the

Andes) and the Rio

Negro (black with
plant arids)

Fig*rr 3.'15

Iypes oÍf|ow in a river

ffi&wer S*ryrn as'"xc* v**$**n*y

A river will try to adoltt a channel shape that best
fulfils its two main functions: transporting water
and sedirnent. It is inrportant to understand the
significance of channel shape in ordcr to identity
the contlols on the flow of a river.

"{.yp*s *$ťšmw

As ÝVatel flows downhill rrnder gravity, it seeks
the path of least resistance - i.e. a river possesses
potential energy and tbllows a route that will
rnaximise the rate of flow (velocity) and minimise
the loss of this energy caused by friction. Most
friction occurs along the banks and bed of the
river, but the intelnal friction of the u/ater and air
resistance on the surface are also significant.

There are two pattelns of Í1ow, laminar and
turbulent. Laminar flow (Figure 3.15a) is a

a laminar flow

holizontal nlovement of water so ralely exper.i-
enccd in rivers that it is usually discounted. Such

a form of f1ow, if it existed, would travei over
sediment on the rivel bed wittrout disturbing
it.'turbulent flow, the dominant mechanism,
consists of a selies of erratic eddies, both ver-
tical and horizontal, in a ciownstream direction
(Figures 3.14 and 3.I5b). 'furbulence varies with
the vclocity of the river which, in turn, depends
upon the amount of energy available after fric-
tion has been overcome. It is cstimated that undeL

'normal' conditions about 95 per cent of a river\
energy is expended in order to over.come friction,

ég* #cf *$?r* *ť veď*cf ť3r mrp ď*xr& g"ďť*ma*

x If the velocity is high, the amount of energy
still available after friction has been ovelcol]lť
will be gleateÍ ancl so turbulence increases'
This rcsults in sediment on the bed being
disturbed and carried downstream. 'l'hc fastu
the flow of the river, the larger the quantity
and size of particles which can be trans-
ported. The transported materiai is referred ro

as the river's load.
m When the velocity is low, there is less energy to

overcome friction. Turbulence decreases and
may not be visible to the human eye. Sedirnent
on the river bed remains undisturbed. Indeed,
as turbulence maintaíns the tlansport of the
load, a reduction in turbuience may leacl to
deposition of sediment.

The velocity of a river is influenced by three
main factors:
1 channel shape in cross-section
2 roughness of the channel's bed and

banks, and
3 channel slope.

b turbulent flow

eddies mav
produce minor
whirlpools on
the surface

horizontal eddies

Drainage basins and rivers
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depth of thc channel. The wetted perimcter
is the total length of the bed ancl bank sicles in
contact with the n'atel in the channel. f igure' .3.16

shows two channels with the sarne cross-sectiorr
area but with clifferent shape's ancl hvdraulic raclii.

Stream A has a larger hl,dratrlic raclius,
meaning that it has a sntallcr amount of watt'l
in its cross-section in contact with thc wcttc'r1

perimeter. This creatcs lcss fi'iction vvhich in turn
reduccs cnclgy loss and allor'r's gÍeatel r'elocit,v.
Stream A is saicl to be the lnore efficient of the
two rlvers.

Strearn B has a srnailer h-vclraulic raclius,
rneaning that a lalger anloullt of water is in
contact with the wetted perilneter. 'l'his results
in grcatcr friction, lnore ellergy loss ancl reclucecl

vclocity. Strearn R is less efficient tl-ran strearn A.
'l'he shape of the cross-section contnrls

thc point of maximurr velocity in a river''s

channci. Thc point of maximum velocit-v is clif-
Í.ererrt in a rivel witlr a straight course wllele
the channcl is likely to be approxirnatell, sym-
rnetrical (Flgure 3.17a) compareci vr,'ith a lrean-
deling channel where the shape is asyml-netrica
(Figure 3.17b).

Stream A

cross-section area
=40m2 5m

wetted perimeter

5m

StÍeam B

2m

20m

Wetted peÍimeteř

StreamA:5+5+8-18m

StreamB:2+2+

Hydraulic radius

Stream A: ff = z.z2 6

Stream B: j| = t.o6 rvq

iigirt:: , , ? fljii:*meÍ sÉŤ#pď
Ihewetted perimeter, This is best describcd by the telm hydraulic
hydraulic tadius and radius, i.e. thc ratio between the ar ea of the
effiriencyďtwodifferent cross-section of a river.channel and the lensth
'haoed channe's witl
il;i;;; 

. - of its u/ettecl pelimetet. .I.he cross-section aÍea is
obtained by measuring the width and the mean

a symmetrica| channe|:ve|ocities in a straight střetch of riveř

greatest velocity is where friction less fast on surface due
is least, i.e. away from banks, bed to air (wind) resistance

slowest flow resulting from
friction caused by contact
wlth bed and banks

b asymmetrical channel: velocities in a typically meandering river

greatest velocity away from
banks, bed and the air

slower flow resulting from friction

iigur . -

(ross-sections ofa symmetri(al and an asymmetrical stream channel

0.100.20

\/'

speed

iiqurr, l;J

Tiger Leaping Gorge on the River Yangtze, China

This gorge has been suggested as a site for a

future hydro-eIectric poweÍ station. |t is nearly

1 500 km upíream from the Three Gorges Dam

1m/s)
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2 Raughness sf channel bed and banks
A river flowing between banks composed of coarse
material with numerous protrusions and over a

bed of large, angular rocks (Figure 3.18) meets with
more resistance than a river with cohesive clays
and silts forming its bed and banks.

Figure 3.19 shows why the velocity of a moun-
tain stream is less than that of a lowland river. As
bank and bed roughness increase, so does turbu-
lence. Therefore a mountain stream is likely to
pick up loose material and carry it downstream.

Roughness is difficult to measure, but
Manning, an engineer, calculated a roughness
coefficient by which he interrelated the three
factors affecting the velocity of a river. In his
formula, known as 'Manning's N':

p0.67 50.s

n

a mountainous oí gppeř
<ourse of the river

Despite waterfa lls where the velocity is locally high,
the large number of angular rocks, coarse-grained
banks and protrusions increase friction and reduce
the overail velocity

where:
v = mean velocity of flow
Á = hydraulic radius
S = channel slope
n = boundary roughness.

The formula gives a useful approximation: the
higher the value, the rougher the bed and banks
For example:

Uniform

Undu lating

Highly irregular

cohesive silts
and clays

0.02

0.05

0.08

0.03 0.05

0.06 0.07

0.09 0.10

FiUure 3,19

Why a river increases in

velocity towards its mouth

b lowland or lower
course of the river

As there is little resistance from the smooth bed and
banks, there is little friction and the river flows faster

small, rounded
bedload

tieu:s 3:20

The characteristic long

profile ofa river

'-"-_".-.{1_-_-_,_

3 ekannel s{ope
As mole tributaries and water from surface
runoff, throughflow and groundwater flow
join the main river, the discharge, the channel
cross-section area and the hydraulic radius will
all increase. At the same time, less energy will

be lost through friction and the erosive power
of bedload material will decrease. As a result,
the river flows over a gradually decreasing gra-
dient - the characteristic concave long profile
(thalweg) as shown in Figure 3.20.

rocK

(not to scale)

[m."thl
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In summarising this section it should be
noted that:
r a river in a deep, broad channel, often with a

gentle gradient and a small bedload, will have
a greater velocity than a river in a shallow,
narrow rock-filled channel - even if the
gradient of the latter is steeper

r the velocity of a river increases as it nears
the sea - unless, like the Colorado and the
Nile (Places 73, page 490), it flows through
deserts where water is lost through evapora-
tion or by human extraction for water supply

r the velocity increases as the depth, width and
discharge of a river all increase

I as roughness increases, so too does turbu-
lence and the ability of the river to pick up
and transport sediment.

Transportation
Any energy remaining after the river has over-
come friction can be used to transport sedi-
ment. The amount of enelgy available increases
rapidly as the discharge, velocity and turbulence
increase, until the liver reaches flood levels. A
river in flood has a large wetted perimeter and

the extra friction is likely to cause deposition on
the floodplain. A river at bankfull stage can move
iarge quantities of soil and rock - its load - along
its channel. In Britain, most material carried by a

river is either sediment being redistributed from
its banks, or material reaching the river from
mass movement on its valley sides.

The load is transported by three main
processes: suspension, solution and as bedload
(Figure 3.2I anď Places 10, page 73).

Suspended load
Very fine particles of clay and silt are dlslodged
and carried by turbulence in a fast-flowing river.
The greater the turbulence and velocity, the
larger the quantity and size of particles which can
be picked up. The material held in suspension
usually forms the greatest part of the total load;
it increases in amount towards the river's mouth,
giving the water its brown or black colour.

Dissolved or solutian Ioed
If the bedrock of a river is readily soluble, like
limestone, it is constantly dissolved in flowing
water and removed in solution. Except in lime-
stone areas, the material in solution forms only
a relatively small proportion of the totai load.

tiOure 3,21

Transportation

pr0(e55e5 In a nver

0l ýream

Bedload
Larger particles which cannot be picked up by
the current may be moved along the bed of the
river in one of t\ /o \ /ays. Saltation occurs when
pebbles, sand and gravel are temporarily lifted
up by the current and bounced along the bed in
a hopping motion (compare saltation in deserts,
page 183). Traction occurs when the largest
cobbles and boulders ro11 or slide along the bed.
The largest of these may only be moved during
times of extreme flood.

Dissolved material carried in solution

It is much more difficult to measure the
bedload than the suspended or dissolved load. Its
contribution to the total load may be small unless
the river is in flood. It has been suggested that the
proportion of material carried in one year by the
River Tyne is 57 per cent in suspension, 35 per
cent in solutíon and 8 per cent as bedload' This is
the equivalent of a 1O-tonne lorry tipping its load
into the river every 20 minutes throughout the
year. In comparison, the Amazon's ioad is equiva-
lent to four such iorries tipping every minute of
the vear!

jr.
- Lighter material held

in suspension by: 
l!,f.:''",T;é':iil'

:i,u
,o,

..i.l
:

i neare1iq qúif1c9 
'.r

BedÍoad by either saltation (bouncing)
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Ihe Hjul*róm graph, showing

the relationship between

velocity and particle size. lt
shows the velocities necessary
(tritical') for the initiation of
movement (eroston); for

deposition (sedimentation);

and the area Where tÍan5poIta.

tion will continue to occur once
movement has been initiated
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Potholes in the bed

ofthe Afon Glaslyn,

Snowdonia
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size of particles (mm)
cobbles boulders

in suspension, palticles of various sizes. The rna_

telial carried by the river (capacity) is responsible
for most of the subsequent etosion. 'l-he mean
fall or settling velocity cuÍve shows the r'eloci-
ties at which particles of a givcn size bccome too
heavy to be transportecl and so will fall out of suy

pension and be deposited.
The graph shows two important points:
Sancl can be transported at lower velocities
than either finer ol coarser particles. Irarticles
of about 0.2 mm clianteter can be picked up
by a velocity of 20 cm per second (labelled 1

on the g aph) whereas fir.rer. clay particles (21,

because of theil cohesive propelties, neecl a

velocity similar to that of pebbles (3) to be
disloclgecl. Dur ing tirnes of high dischar ge
ancl velocity, the size and amount of the
river's load will increase considerably, causing
increased erosion within the channel.
The velociý required to maintain par.ticles in
suspension is less than the velociý necded to
pick them up. I.'or very fine clays (4) the velocitv
required to maintain them is virtually nil _ at
which point the river must almost have stoppeci
flowingl This means that material picked up b_v

turbulent tributaries and lower order streams
can be kept in suspension by a less turbulent,
higher orcler main river. For coarser particles (5r,

the bor,rndary between transportation ancl depo.
sition is narroq indicating that only a relativell
small dlop in velocity is needed to cause sedi
mentation. Recently, Keylock has argued that
an alternative method to that of Hjulstr.Órn for
measuring transport of river sediment is by t1ou,

depth rather than flow velocity. He suggests that
shear str.ess _ a measule of the Íbrce pel unit alea
that the flow exerts on a particle on the river
bed - can cause particles to roll out oftheir
liverbed location.

ffir*s$*rx

The material carried by a river can contribute
to the wearing a\vay of its banks and, to a lesser
extent and mainly in the upper course, its bed..|here 

are four main pÍocesses of erosion'

frmrrms&*$3

Corrasion occurs when the river picks up mater-
ial and rubs it along its bed and banks, wearing
them away by abrasion, rather like sandpaper. This
process is most etl'ective during times of flood and
is the major method by which the rivel erodes both
vertically and horizontally. If there are hollows in
the rivel bed, pebbles are likely to become trapped.
Turbulent eddies in the current can swirl pebbles
around to tbrm potholes (Figure 3.23).

0.5

ď*rmp*ťercďď #f? ď ťsptrďďť,}'
Two further terms should be notecl at this
point: the competence and capacity of a river.
Competence is the maximum size of material
which a river is capabie of transporting. Capacity
is the total load actually transportecl. When the
velocity is low, only small particles such as clay,
silt and Íine sand can be picked up (Figure i3.22).
As the velocity increases, larger material can be
moved. Because the maximum particle mass
which can be moved increases with the sixth
pouTer of velocity, rivers in flood can move con_
siderable amounts of material. For example. if
the stream velocity increased by a factor;i four,
then the mass of boulder.s which could be movecl
wouid increase by 46 or 4096 times; if by a factor
of five, the maximum mass it could transDort
wouId be muItiplied |5 ó25 times.

The relationship between particle size (com_
petence) and water velocity is shown on the
H|ulstrÓm graph (Figure 3.22)' The mean, or
critical, erosion velocity curve gives the approx_
imate velocity needed to pick up and transport,
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As the bedload is moved downstream, boulders
collide with other material and the impact may
break the rock into smaller pieces. In time, angular
rocks become increasingly rounded in appearance.

s€yďraaxř*e &{Ě'*}Ť

The sheer force of the water as the tulbulent
current hits river banks (on the outside of a
meander), pushes water into cracks. The air in
the cracks is compressed, pressure is increased
and, in time, the bank will collapse. Cavitation
is a form of hydraulic action caused by bubbles
of air collapsing. The resultant shock waves hrt
and slowly weaken the banks. This is the slowest
and least e[fective erosion process.

s*& axť&*rx" eť {€pťy*s*&83

This occurs continuously and is independent
of river discharge or velocity. It is related to the
chemical composition of the water, e.g. the con-
centration of carbonic acid and humic acid.

ffi*pxxs**ímxt

When the velocity of a river begins to fall, it has
less energy and so no longer has the competence
or capacity to carry all its load. So, starting with
the largest particles, material begins to be depos-
ited (Fígure 3.22). Deposition occurs when:

w discharge is ledr-rced following a period of low
precipitation

m velocity is lessened on entering the sea or a

lake (resulting in a delta)
m shallower \ /ater occurs on the inside of a

meander (Figure 3.25)
* the load is suddenly increased (caused by

debris from a landslide)
m the river overflows its banks so that the

velocity outside the channel is reduced
(resulting in a floodplain).

As the rivel loses energy, the following changes
are likely:
m The heaviest or bedload material is deposited

first. It is for this reason that the channels of
mountain streams are often filled with large
boulders (Figures 3.18 and 3.27). Large boul-
ders increase the size of the wetted perimeter.

m Gravel, sancl and silt - transpctrted either as
bedload or in suspension - will be carried
further, to be deposited over the floodplain
(FiguÍe 3'31) or in the channel of the river.as
it nears its mouth (Figure 3.32).

m The finest particles of silt and clay, which
are carried in suspension, may be depositec
where the river meets the sea - either to infill
an estuary or to form a delta (Figure 3.33).

w The dissolved load will not be deposited, but
will be carried out to sea where it will help to
maintain the saltiness of the oceans.

ři$$|{ 3.]4

Ihe Glaslyn Valley,

North Wales

N

Porthmadog

Tremadog
Bay

Morfa Harlech

0

ffiffilE} Afon Gtasryn, North wares: river processes

LIvn GlaslvnSnowdon I ' .,-
tvrwvddÍaltJuRLryn

sand and mud
exposed at low tide

Llyn Gwynant

The Afon Glaslyn rises nearthe centre of the
Snowdon massif and f|ows ín a generaI souther|y
direction towardsTremadog Bay (Figure 3.24).

tigure 3.?5

Erosion and deposition in the

middle Afon Glaslyn

i-.- Pass oÍ

Drainage basins and rivers 73



a |ong přofi|e

íig*t* }.?s

The Afon Glaslyn, showing
processes and landforms

at selected sites
f-l mainly transporration anci erosionLlyn Llydaw
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The boulder strewn river bed

ofthe upper Afon Glaslyn

The |ong profile oíthe G|as|yn, as shown in Figure 3.26,
does not, however, match the smooth curve of the
model shown in Figure 3.20.This is partly because of:

. the effect of glaciation in the upper course
(Figure 4.25) and

o differences in rock structure in the middle
course (the Aberglaslyn Pass in Figure 3.27).

Figure 3.26 (a summary of an Open University
programme) shows the relationships between
the processes of fluvial transportation, erosion
and deposition. By studying this diagram, how
íike|y are the fo||owing hypotheses (Framework i 0,
page 299):

. that as the competence ofthe river decreases,
material is likely to be carried greater distances

. that the largest material, carried as the bedload,
will be deposited first

. that material carried in suspension will be
deposited over the floodplain or in the channel
of the river as it nears its mouth

. that the finest material and the dissolved load
will be carried out to sea?

,iú.
::'-.,'':
i-:Ť{
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tigure 3.28

V-shaped valley

with interlocking

spurs, small rapids

and no floodplain:

Peak District

National Park

řXuviaX !amďforms
As the velocity of a river increases, surplus eneÍgy
becomes available which may be harnessed to
tlanspolt mateÍial and cause erosion' Where the
velocity decLeases, an energy defícit is likeIy to
resuit in depositional features.

Efťects *f $l axvÍa| *resioťx
l/-s&apeď valgeys anď intergcckďng spffřs
As shown in Figure 3.27 , the channel of a river
in its upper course is often choked \ /ith large,
anguiar boulders. This bedload produces a large
wetted perimeter which uses up much of the
river''s energy. Erosion is minimal because little
energy is left to pick up and transport material.
However, following periods of heavy rainfall or
after rapid snowmelt, the discharge of a river may
rise rapidly. As the water flows between boulders,
turbulence increases and may result either in the
bedload being taken up into suspension or, as is

more usual because of its size, in its being rolled or
bounced along the river bed. The result is inten-
sive vertical erosion which enables the river to
create a steep-sided valley with a characteristic V
shape (Figure 3.28). The steepness of the valley
sides depends upon several factors.
a Climate Valleys are steeper where there is

sufficient rainfall:
a to instigate mass movement on the valley

sides and

b to create sufficient discharge to allow the
river to create enough energy to move its
bedload and, therefore, to erode Veltically, oÍ

c for livers to cross desert areas which have
little rain to wash down the valley sides,

e.g. the Grand Canyon (Figure 7.19).

* Rock structure Resistant, permeable rocks
like Carboniferous limestone (Figure 8.5)

often produce almost vertical sicles in con-
trast to less resistant, impermeable rocks
such as clay which are likely to produce
more gentle slopes.

r Vegetation Vegetation may help to bind the
soil together and thus keep the hillslope more
stable.

Interlocking spurs form because the river is
forced to follow a winding course around the
protrusions of the surrounding highland. As the
resultant spurs interlock, the view up or down
the valley is restricted (Figure 3.28).

A process characteristic at the source of a

river is headward erosion, or spring sapping.
Here, where throughflow reaches the surface, the
river may erode back towards its watershed as it
undercuts the rock, soil and vegetation. Given
time this can lead to river capture or piracy
(page 85).

|l[/gťerťgfÍs
A waterfall forms when a tivet, after flowing over
relatively hard rock, meets a band of less resistant
rock or, as is common in South America and
Africa, where it flows over the edge of a plateau.

As the water approaches the brink of the falls,
velocity increases because the water in front oí
it loses contact \ /ith its bed and so is unham-
pered by fi'iction (Figure 3.29). The underlying
softer rock is worn a\ /ay as water falls onto it. In
time, the harder rock may become undercut and
unstable and may eventually collapse. Some of
this collapsed rock may be swirled around at the
foot of the falls by turbulence, usually at times
of high discharge, to create a deep plunge pool.
As this pIoceSS is repeated, the waterfall Íetleats
upstream leaving a deep, steep-sided gorge
(Places 11). At Niagara, where a hard band of
limestone overlies softer shales and sandstone.
the Niagara River plunges 50 m causing the
falls to retreat by 1 m a year and so creating the
Niagara Gorge.

fficpr'rJs
Rapids develop where the gradient of the river
bed increases without a sudden break of slope
(as in a waterfall) or where the stÍeam fiows over
a series of gently dipping bands of harder rock.
Rapids increase the turbulence of a river and
hence its erosive po\ /er (Figure 3.27) .
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W lguagu Falls, Brazil: a waterfall

The lguagu River, a tributary
of the Parana, forms part of
the border between Brazil and
Argentina. At one point along
its course, the lguagu plunges
B0 m over a 3 km wide, crescent-
shaped precipice (Figure 3.30).
The lguagu Falls occur where
the river leaves the resistant
basaltic lava which forms the
southern edge of the Brazilian
p|ateaU and fíows onto less
resistant rock, while their
crescent shape results from the
retreat ofthe falls upstream
(Figure 3.29).

By the end ofthe rainy season
(January/February) up to
4 million litres of water a day
can pour over the individual
cascades - numbering upto275
- which combine to form the
falls. The main attraction is the
Devil's Throat where 1 4 separate
fa||s unite to create a deaíening
noise, volumes of spray, foaming
water and a large rainbow. In

contrast, by the end ofthe dry
season (June/July), river levels
may be very low - indeed, for
one month in 1978 it actually
dried up.

Íigure 3.3Ů

The lguagu Falls

ffifs*ets *ť ť$*xv!mě d*p*sřě3*rn
Deposition of sediment takes piace when there
is a decrease in energy or an increase in capacity
which makes the river less competent to trans-
port its Ioad. This can occur an),where from the
upper course, where large boulders may be left, to
the mouth, where fine clays may be deposited.

$ť*oďpťmťrrs
Rivers have most energy when at their bankfull
stage. Should the river continue to rise, then the
water will cover any adjacent flat land. The land
susceptibie to Í1ooding in this way is known as the
floodplain (Figure 3.31 and piaces 10, page 74). As
the river spreads over its floodplain, there will be a
sudden increase in both the wetted perimeter and

Drainage basins and rivers

top of falls collapses and retreats

Iarge, fallen, angular boulders are
swirled around,forming a plunge pool

horizontal lavas

lguagu River flowing over

the hydraulic radius. 'l'his results in an increase
in friction, a cotresponding clecrease in velocity
and the deposition of materiai previously held rn
suspension. l'he thin veneer of silt, cleposited by
each flood, increases the fertility of the lancl, while
the successive flooding causes the floodplain to
build up in height (a\ yet it has proved impossible
to bore down to beilrock in the lower Nile valleyl.
The floodplain may also be made up of mater.ial
depositetl as point bars on the inside of meanders
(Figure 3.38) and can be widened by the lateral
erosion of the meande,rs. The edge of the flood_
piain is often marked by a prominent slope known
as the bluft line rFigure 3.3 l;.
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Ěcy*á*s
When a river overflows its banks, the increase in
friction producecl by the contact with the flood-
plain causes material to be deposited. The coarsest
material is dropped first to form a small, natural
embankment (or levée) alongside the channel
(Figule 3.31). During subsequent periods of low
discharge, Íirrther deposition will occur within
the main channel causing the bed of the river to
risc and the risk of flooding to increase. 'lo try to

contain the river, the embankments are some-
times artificially strengthened and heightened
(the levée plotecting St Louis fi.om the Mississippi
is 15.8 m higher rhan the floodplain whit h it
is meant to protect). Some rivers, such as the
N{ississippi and Yangtze, flow above the level of
their Í1oodplains which means that if the levées
collapse there can be serious damage to property,
and loss of lit'e (Case Study 34).

leaves a
les,80 m hí9r

lver rapjds

width of floodplai

cha n nel

river

coarser material
-deposited first

tigure 3.31

(ross section ofa

fioodplain showing

Ievées and bIuÍfs

Figur* 3'3Ž

A braided river, 5outh

lsland, NewZealand

layers of silt deposited
by earlier floods

ffr*ťďírrg
For short periods of the year, sorne rivers carry a
very high load in relation to their velocity, e.g.
during snowntelt periods in Alpine or Arctic
areas. When a river's level falls rapidly, coinpe-
tence and capacity aÍe reduced/ ancl the channel
may become chokecl with material, causing the
river to braid - that is, to divide into a series of
diverging ancl converging segments (Figures 3..32
and 5.16).

ffi*f*ms
A clelta is usually composed of Íine sediment
which is deposited when a river loses energy
and competence as it flows into an area of slow-
moving water such as a lake (Figure 4.22) or the
sea. When rivels like the Mississippi or the Nile
reach the sea, the meeting of fresh and salt water
produces an electric charge which causes clay
particles to coagulate and to settle on the seabed.
a process called flocculation.

Deitas are so called because it was thought
that theil shape resembled that of clelta, the
fourth letter of the Greek alphabet (A). In fact,
deltas vary greatly in shape but geomorpholo-
gists have grouped them into thr.ee basic forms:
* arcuate: having a rounded, convex outer

margin, e.g. the Nile
$fi cuspate: where thc material bror,rght down by

a river is spread out evenly on either side of
its channel, e.g. the Tiber

n bird's foot: where the river has many clis-
tributaries boundecl by sediment and which
extend out to sea like the claws of a bircl,s
foot, e.g. the Mississippi (Figure 3.33).

Although deltas provide some of the worlcl,s
most fertile land, their flatness makes them high
flood.risk areas, while the shallow ancl Írequently
changing river channels hinder navigation.
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frEure J. JJ

The Mississippi delta

Fig*re 3"34

A possible sequence

in the development of
a meander

a

ffiťďg*ts m$ emmbá g"teď eg*s$me* *r"*d
ďepms$ťá*x*

P* *ťs" rďfťďes *ff ď ;*:r gapmď*rs
Rivers rarely flow in a straight line. Indeecl,
testing under laboratory conditions suggests
that a straight course is abnorrnal and unstable.
How meanders begin to form is uncertain, but
they appear to have their origins during times
of flood and in relatively stlaíght sections \^/heÍe
pools and riffles develop (Figure 3.34). The usuai

.*H."š

figtre 3.35

A pool and riffles in the

River Gelt, (umbria

spacing between pools, areas of deeper watel
and riffles, areas of shallower water, is usually
very regular, being five to six times that of the
bed width. The pool is an area of greatel erosion
where the available enelgy in the river buílds up
due to a reduction in friction. Energy is dissipated
across the liffle area. As a higher proportion of
the total energy is then needed to overcome fitc-
tion, the erosive capacity is decreasecl and, except
at times of high discharge, material is deposited
(Figure 3.35). The regular spacings of pools and
riffies, spacings which are almost perfect in an
alluvial stretch of river, are believed to result tront
a series of secondary flows which exist within the
main flow. Secondary flows inciude helicoidal
flow, a corkscrew movement, as shown in Figure
3. l5b, and a series of converging and diverging
lateral rotations. Helicoidal flow is believed to
be responsible for moving material trom the
outside of one meander bend and then depositing
much of it on the ínside of the next bend' It is
thought, therefore, that it is the secondarv flows
that increase the sinuosily {1he curving nature)
of the meander (Figure 3.36), producing a regular
meander wavelength which is about ten times
that of the bed width. Sinuosity is described as:

actual channei length
straight-1ine distance

,ď 
*-

{: _:: -: _

"b,

\---
-\-

\ -*
5 times the bed width

i----------r-ffib, --r **
5 tímes the
bed width

]:'

original course

pool

ríffle

line of main current
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one wavelength

usually 10 times the bed widtn
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A meander has an asymmetrical closs-section
(Figure 3.37) formed by erosion on the outside
bend, where discharge and velocity are greatest

and friction ls at a minimum, and deposition on
the inside, where discharge and velocity are at

a minimum and friction is at its greatest (Figure

3.25). Material deposited on the convex inside of
the bend may take the form of a cutving point
bar (Figure 3.38). The particles are usually Sraded
in size, with the largest material being found on
the upstream side of the feature (there is lalely

bluff line

Figfiťe 3.]É;

l\'leanders, point bars and oxbow lakes, showing migration of

meanders and changing positlons of point baÍs over time

any gradation up the slope itselt). As erosion
continues on the outer bend, the whole meander
tends to migrate slowly clownstream. Material
forming the point bar becomes a contributory
factor in the formation of the floodplain. Over
time, the sinuosity of the meander may become
so pronounced that, during a flood, the rivel
cuts through the narrow neck of land in order to
shorten its course. Having achieved a temporary
straightening of its channel, the main current
will then flow in mid-channel. Deposition can
non/ take place next to the banks and so, eventu-
ally, the old curve of the river will be abandoned,
leaving a crescent-shaped feature known as an
oxbo\ / lake or cutoff (Figures 3.38 and 3.39).
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W Boscastle, cornwall: a flash flood

On the afternoon of '16 August2OO4,2OO.2mm of
rainfall - the equivalent of three normal months _
was recorded in only four hours on Bodmin Moori
an upland area lying behind the Cornish village of
Boscastle. As the ground was already saturated, most
of this water swept downhill and through two narrow
steep-sided valleys which converged on the village
itself (Figure 3.40). Added to this volume of water was
an estimated further50 mm of rain thatfell between
1 300 and I 500 hours that same afternoon on Boscasue
itself.The result was a wall of water over 3 m in height
that swept through the village (Figure 3.41 ).

The floodwater carried with it cars, tree branches
and other debris which became trapped behind
the two bridges in the village, which then acted as
dams. As the volume of water increased the bridges
were swept away, causing further surges in the
height of the RiverValency. Residents and tourists
alike were forced to flee. Although some managed
to reach hígher ground, the on|y means of escape
for most people was to clamber upstairs and to
await eventual rescue by heíicopter from either
upper-storey windows or rooftops.

Six helicopters (1 in Figure 3.42) rescued 120 people
from rooftops and upper-storey windows (buildings
4,5,6,7 and B), whí|e two |ífeboats searched the
harbour fearing peopíe might have been swept
out to sea. The car park (2) and two bridges (9 and
16) were destroyed. Vehicles were carried through
the village by the torrent, some being deposited
en route (12 and Figure 3.41) and over 30 in the
harbour. Two shops (1 0 and 1 7)and four houses
were destroyed while other buildings were badly
damaged including the Visitor Centre (3) and two
touríst shops (1 1 and 15). Among bui|dings f|ooded
was a restaurant (,l3) and the village store (4),

museum (14) and Youth Hostel (18). power had to be
switched off to protect rescuers and survivors from
electrocution. When the floodwater receded, the
vi||age was íeft under a carpet of thick brown mud.

řigur* 3"42

Annotated photo fronthe Daily
TeIegraph,Íuesday 17 August 2004

Figure 3.40

The flood at

Boscastle

řiĚ$le 3.4;

Water rages through

the vi||age of Boscaíle
carrying CaÍ5 With it



ffimse l*v** *mď t*t* 6rx#*ď rňqa*r

*a** ř*tl*!
'l'his ls thc lowest level to which erosion by
lunning watcr can take place. In the case of rivers,
this theoretical lirnit is sea-level. Exceptions
occur when a river flows into an inland sea (e.g.

the RivelJordan into thc Dead Sea) and if there
happens to be a temporary local base level, such
as where a river flows into a lake, whele a tribu-
tary joins a Inain rivcL, oL rvhere the re is a resistant
band of lock cr ossing a valley.

*v;xe**

The concept of grade is one of a river forming an
open system (framework.3, page 45) in a state
of dynan.ric equilibrium whele there is a balance
bet\ /een the rate of erosion and the rate of deposi-
tion. In its simplest interpretation, a graded river
has a gently sloping long protile with the graclient
decleasing towards its mouth (Figure 3.4i3a). This
balance is always transitory as the slope (profile)
has to adjust constantllz to changes in discharge
and scdiment load. These can cause short-term
increascs in either the late of erosion or deposi-
tion r-rntil the state of equilibrium has again been
reached. This may be illustrated by two situations:

x* The long profile of a river happens to contain
a waterfall ancl a lake (Figure 3.43b). !,rosion
is likely to be greatest at thc waterfall, while
cleposition occurs in the lake. ln time, both
features will bc eliminated.

:i;t There is a lengthy period of hear'y rainfall
within a river basin. As the volume of water
riscs ancl consequently the vclocity and load
of the r iver increase, so too will the rate of
erosion. Ultimately, thc extla load carrled
by the river leads tct extra deposition turther
down the valley or out at sea.

ln a wider interpretation, grade is a balance not
only in the long profilc, but also in the river's
cross-plofile ancl in the loughness of lts channel.
In this sense, balance ot gracle is when all aspects
of the river's channel (width, depth and gtadient)
are adjusted to the dischatge and load of the river
at a given point in time. if the volume and load
change, then the tivcL's channel morphology
must adjust accordingly. Such changes, whete
and when they do occur, are likely to take lengthy
periods of geologlcal time.

*fu**tg*s ic* b*** **tr*fi
'l'here are thlee groups of factot's which influence
changes in base level:

i* Climatic: the effects of glaciation and/or
changes in lainfal1.

*s Tectonic: crustal uplift, following plate
movement, ancl local volcanic activity.

w Eustatic and isostatic adjustment: caused by
the expansion and contraction of ice sheets
(pagc 123).

As will be seen in Chapter 6, changes in base

leve1 affect coasts as well as rivers. Thele are

tu/o types of base level movement: positive and
ne8ar1ve.
x Positive change occurs when sea-level rises

ln relation to the lancl (or the land sinks in
lelation to the sea). This results in a decrease
in the gladient of the rivcr with a corre-
sponding increase in deposition and poten-
tial flooding of coastal aleas.

ffi Negative change occLlrs when sea-1eve1 falls
in relation to the land (or the land rises in
relation to the sea). This movement causes
land to emerge from thc sea, steepening thc
gradie nt of the river and therefore increasing
the rate of fluvial crosion. 'l'his process is
called rejuvenation.

iiqri* 3"4i

River profiles
a the graded profile

r-waterfall: erosion will exceed deposition until
/ the feature retÍeats and disappears

lake: deposition will exceed erosion until
the feature is filled in

---*- smooth concave profile, decreasing in angle
and gradient towards the mouth

b irregularities in the long profile
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Fiqur* 3..{J

A rejuvenated riveL

Antalya, Turkey: the

land has only recently

experienced tectonic

uplift and the river

has had insufficient

time to re adjust to

the new sea-level

FiE*re -i.4ti

The River Greta (afťer

D.S.Walker)

a before rejuvenation

River Greta,Yorkshire
a reiuvenated river

after rejuvenation

original graded profile

knickpoints

ffi*jeav*x..eax*ěmt*

A negative change in base level increases the
potential energy of a river, enabling it to revive
its erosive activity; in doing so, it upsets any pos-
sible graded long profiie. Beginning in its lowest
reaches, next to the sea, the river will try to
regrade itself.

During the Pleistocene glacial period, Britain
was depressed by the weight of ice. Foliowing
deglaciation, the land slowly and intermittently
rose again (isostatic uplift, page 123). Thus
rejuvenation took place on more than one occa-
sion, with the result that many rivers today show

/ 
...... 

.,,Orr, ,"graded profile

original sea-level

first fall in sea-level

second fall in and
present-day sea-level

sevelal partly graded profiles (Figure i3.44). WheLe

the rise in the land (ol drop in sea-level) is too
rapid to allow a river sutficient time to elode verti
cally to the new sea-level, it may have to descend
as a waterfall over recently emerged sea cliffs
(Figure 3.45). In time, the river will cut down-
wards and backwards and the waterfail will retreat
upstream. The knickpoint, usually indicated by
the presence of a waterfall, malks the maximum
extent of the newly graded profile (Places 13).

Should a river become completely regraded,
which is unlikely because of the timescale
involved, the knickpoint and all of the origina.
graded plofiie will disappear.

&sw*r ťgrrg**s cprp# íx*jscď x*xes*xrj*rs
River terraces are remnants of formel floodplains
which, following vertical erosion caused by relu-
venation, have been left high and dry above the
maximum level of present-day flooding. They
offer excellent sites for the location of towns (e.g.

London, Figures 3.47 and 14.9). Above the present
floodplain of the Thames at London are two earlier
ones forming the Taplow and Boyn Hill terraces. If

a river cuts rapidly into its floodplain, a pair of ter-

races of equal height may be seen flanking the river
and creating a valley-in-valley feature. Howevel
more often than not, the river cuts down reiatively
slowly, enabling it to meander at the same time.
The result is that the terrace to one side of the river

Dales National Park:

The River Greta, in north-west Yorkshire,
is a good example of a rejuvenated river.
Figure 3.46a is a reconstruction to show
what its valley (upstream from the village of
Ingleton) might have looked like before the
fall in base level. Figure 3.46b is a simplified
sketch showing how the same area appears
today. The Beezley Falls are a knickpoint.
Above the falls, the valley has a wide, open
appearance. Below the falls, the river flows
over a series of rapids and smaller falls in a

deep, steep-sided'valley-in-valleyl

graded River Greta meandering
over a wide floodplain

''":'bluff |

'tn" / --o

tributarY 
floodprain

;""-

side of
Ingleborough
Hill

original graded section
of River Greta

/ ,,. bluff
;:ll | |,)€
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Taplow terrace (about
'15 m above river)

Boyn Hlll terrace (about
320 m above river)

l!ij*í* -q.+I

Cross-section illustrating

the paired riVeÍ terra(es of

the Thames at London

bluff limited
early growth
of London

North

řigure 3'49

Rejuvenation on a

micro scale:a small

stream crossing a

beach at Kildonan,

Arran, has cut

downwards to the

level ofthe falling

tide - note the

ingrown meandel

nVeÍ terraCe5 an0

valley-in-va I ley

features

South

buried channel floodplain terrace covered with silt

iig:.:re 3.4$

Incised meander

and a55o(iated (ro5ý

\/a ey profiles

may be removed as the meanders migrate down-
stream. Figure 3.49 shou/s terraces, not paired, on
a small stream crossing a beach on southern Arran.
In this case, reiuvenation takes place twice daily as

the tide ebbs and sea-level falls.
If the uplitt of land (or fall in sea-level) con-

tinues for a lengthy period, the river may cut
downwards to form incised meanders. There
are t\vo types of incised meander. Entrenched
meanders have a symmetrical cross-section and
result from either a very rapid incision by the

a entren(hed meanders: R.Wear, Durham

river, or the valley sides being resistant to erosion
(the Rivel Wear at Durham, Figures 3.48a and
14.6). Ingrown meanders occur when the uplift
of the land, or incision by the river, is less rapid,
allowing the river time to shift laterally and to
produce an asymmetrical closs-vailey shape (the
River Wye at Tintern Abbey, Figure 3.48b). As with
meandels in the lower couÍse of a normal river,
incised meanders can also change their channels
to leave an abandoned meander with a central
meander core (Figure 3.48b).

b ingrown meanders: R.Wye,Tintern Abbey to
Symonds Yat

JoO$t
.,,er Wye ioo$\
tt"ioďň /00fÍ\

200 rn
a00 4.1 / \ roo rn

/

o|d mánder core

cross-valley profile: River Wye had
time to shift

'.:;... laterally as well ..- " :"'.:
. , ,l'',.. as vertically 

.,.:i, :i, ,:,, Tintern AbbeY 
,a,,.'' ":.. road I River j{

/::r.. | | WYe .; .
gentler. /
va||ey side 

:ř'?,

I u:,
, ,31t:-oi

, :'&

Tir
cross-valley profile: River Wear has

cut verticallyr,:,..-i.:.,. .,:-_.,1.1.,' .. r,,:. :1. fi, ,.i., .
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Drainaqe patteÍn5

a pařa||e|

c radial

a before river
capture

;l!,

:l.j : * i :: * S e*: i.:,*::lt"i* i. ii.1;

A drainage pattern is the wav in which a river
and its tributaries arrange thernselves within their.
cllainage basin (see I-lorton's l.aws, page 65). Most
patterns evolve ove r a lengthy periocl of time ancl
usually become adiustcd to the structule of the
basin. 'I'hcre is no widcly accepted dassification,
partly because most patterns arc clescriptive.

;ij;li]lť.'.'i:.li ..:j.].1.i!Í}:},{';ŤďJ:ť'.!1'i' {. j; iťl.t'f ť {$..:.!]

Parallel l'his, the simplest pattcrn, occLlrs on
newly uplifted land or other. uniforrnly sloping
surfaces which allow r-ivers and tributaries tct
flow clownhill molc or less parallel with each
other, c.g. rivers flovring south-eastwards from
the Aberclare Mountains in Kenya (figure 3.50a).

Denclritic Deriving its name from the Greek
word clendlon, meaning a tree, this is a tree_like
pattern in which thc many tributarics (branches)

b dendriti<

d trellised

converge upon thc. nrain rirrer (trunk). It is a
corrnllolt pattcrn and devclops in basins havtnl
one rock type n,ith no variations in strLlcture
(Figure 3.50b).

ři:ťřťlll;:i.i.,é.3i::]]:i1.j]i1]l:l |1];':.:-:..'.!1i':.'1.#ii]:

l{adial ln areas where the rocks have becn liited
into a clonre sti'ucture (e.g. thc batholiths of
f)altnrool ancl Anan) or-u,here a conlcal volcantL
conc has fornred (e.g. \{ount Etna), rivers railiart
outvvalds from a central point like the spokes ot,r

wheel (Figut'c 3.50c).
'Irellised or rectangular ln arcas of

alter.nating resistant anc] less Ícsistant lock,
tribrrtalies will fornt ancl 

f oin the nain r.iver.

at right-angles (Figure 3.50d). Sornetintes eaclt
incliviciual scgment is of appr oxintatelv equal
length. The ntain river, callccl a consequent
river becausc it is a consequence of the initial
uplift or slope (comparc prarallcl clrainage), fiol.i
in the same clirec-tion as thc clip of thc rocks
(Figr-rre 3.51a). The tributaries r,vitic-h der,clop,
mainly by hcaclward erosion alung arcas of
wcaker Loc-ks, are callecl subsequent streams
bec-ause they form at a later clatc than the con-
sequents. In tinle, these strbscc1ucnts cÍcate
wide vallevs or vales (Figure 3.51b). Obsequent
strearns flow in the opposite dilcction from tht
consequent streams/ i.e. down the steep scarp
slope of thc escarpment (figure 3.51b). It is
these obsequents that oftcn provide the sources
of water for scarp-foot springline settlements
(figure 14.4). 'l'he dcvekrpment of this clrainage
pattern is also rcsponsible for the formation of
the scarp ancl vale topography of south-east
England (F'igure 8.9).

Deveiopment ofa

trellised drainaqe

panern

b after river captureconsequent rivers,a result of the uplift of the land,flow
in the same direction as the dip of the rock

---''/;'/
--" /

-'-- 
- /

{ otD

lrmestone

consequent cuts down to form
a gap in the escarpment

-Át-
S,,.

t, J-
o

clay

escarpment

clay vale

-l-" --.-o
s,''--O . C

C

C = consequent
5 - subsequent
O = obsequent

escarpment

clayclay

chal k
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tigure 3.5J

Ante(edent drainage,

H malayas

tig::rt3.53

R ver capture,

Northumberland

Eurasian Plate

P* ťťer*ts #ffp{pť#ffi ťďy e'ř?ť*á#ťďď ťs
s*trefďřáfř#
Antecedent Antecedence is when the drainage
pattern developed before such structural move-
ments as the uplift or folding of the land, and
whele vertical erosion by the river was able to
keep pace with the later uplift. The Brahmaputra
Rivel lises in Tibet, but turns south\ /ards to flow
through a seÍies of deep gorges in the Himalayas
before leaching the Bay of Bengal (Iigure 3.52).
It must at one stage have flowed southwards
into the Tethys Sea (Figure 1.4) which had
existed before the Indo-Australian Plate moved
northwards and collided with the Eurasian Plate
forming the Himalayas (pages 19 and 20). The
Brahmaputra, with an increasing gradlent anc
load, was able to cut downwalds through the
rlsing Himalayas to maintain its original course.

Superimposed ln several parts of the worid,
including the Ilnglish Lake District, the drainage
pattern seems to have no relationship to the
present-day surface rocks. When the Lake District
was uplifted into a dome, the newly-formed
volcanic rocks were coveled by sedimentary

Plateau ofTibet

Bay of Bengal

Gfotd mountains

1imestones and sandstones. .l.he Íadial dlainage
pattern which developed, together u/ith later
glacial pÍocesseS, cut thlough and ultimately
removed the surface layers of sedimentary rock
to superimpose itself upon the unilerlying vol-
canic rocks.

ff$arer cmpťcxn*
Rivers, in attempting to acljust to structure,
may capture the headwaters of their neigh-
bours. For example, most eastward-flowing
English river s between the Humbel and central
Northumberland have had theit couIses alteÍed
by river capture or piracy (Figure 3.53).

Figure 3.54a shows a case where there are

two consequent rivers with one having a greater
discharge and higher eloslonal activity than the
other. Each has a tributary (subsequents X and
Y) flowing along a vailey of weaker rock, but sub-

sequent X (the tributary of the master, or lalger,
consequent) is likely to be the more vigorous.
Subsequent X will, therefore, cut backwards by
headward erosion until it reaches subsequent Y
(the tributary of the weaker consequent); then,
by a process known as \ /atershed migration

b present-day pattern

The North Tyne, the subsequent, has cut
backwards by headward eřo5ion to capture the
headwaters of the Blvth, Wansbeck and Rede. I n
time, it could capture the headwaters ofthe Coquet

lndia

(part of Indo-Australian
ptare)

-.'-
^ .--/-

TethysSea (sediments deposited ny tnauiánaL
Brahmaputra řiVers are already being

::al, squeezed upwards)

c
e

a

N

-i0

a íormer drainage
Pattern é:on.

N

\

original NorthumbÍian consequent riVers, With
the ear|y beginnin95 of the NoÍth Tyne subsequent
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(Figure 3.54b), it will begin to eniarge its own
drainage basin at the expense of the smaller river
In time, the headwaters of the minor consequent

řiqure-a'54 will be captuled and diverted into the drainage

Staoes in rivercaoiure basin of the maior consequent (Figure 3.54c).

shown in plan and The point at which the headwaters of the
cross-profile minor river change direction is known as the

a before capture (piracy) occurs

(i) plan

elbo\ / of capture. Below this point, a wind gap
marks the former course of the now beheaded
consequent (a wind gap is a dry valley which
was cut through the hills by a former river). The
beheaded river is also known as a misfit stream, as

its discharge is far too low to account for the size oÍ

the valley through which it flows (Figure 3.54c).

(iii) block diagram

subsequent Y

watershed r

sub

J e!65{tiň >Jjff because the major
\.l*f consequent has cut

-W down more rapidly
AN" than the minoi

\\ consequent, point A
major consequent \is lower than'point B

minoÍ

www. env[onment-agency. gov.
uk/?lang=-g
www.fl oodarchive.co.uk

Minnesota River Basin:
.ll'vwv.soils.umn.edu/research/mn.riveí

Ner,r,foundland and Labrador site
(examples of drainage basins and flood-risk
zones):

www.heri tage. n [.calsitemap.hrm I

NorfoIk Broads Authoriý:
www.broads-authority. gov.uk/broadý
pagesi river4.html

Yellow River, China:
w"vrw cis.umassd. edu/* gleung/

local base level a! A is lower than
that at B, subsequent X is therefore
more active than subsequent Y

(major
consequent)

(minor
consequent)

b watershed migration (recession)
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Geomorp holo gy, Routledge.

Environment Agency (2000) River
Rehabilitation * Practical Aspects from
l6 Case Studies, Environmenl Agency
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Leopold, L. (2006) A View of the River,
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Lnvi ron me n l, oxford Universiý Press.
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A Riverflooding:the
Mississippi,1993
F ood ng by rlvers ls a natural event wnlcn,

because people often choose to live in

flocd-rlsk areas, becomes a hazard (page

31) To peop e living in the Mississippi va ley,

'thatthelrrlvershou d f ood is as natura as

sunshine in Florlda or snowfall in the Rocklesl
tr'ithout human intervention, the Mississippi

'',rould f ood vlrtua ly every year. lndeed, it nas

been this frequency of floodtng which has,

over lfrany centuries, al]owed today's r ver to

f owfor much of its course overa wide,ferti e,

fiat,a uvia floodplain (Figures 3.55 and 3 56).

ii,lllrr:l i.i-q

The flood hazard and

the Mississippi River

1 Where is the rlver/drainage basin located?

What is the Írequency off|ooding?

What is the magnitude of Í|ooding?

4 What are the natural causes offlooding?

5 What are the consequences ofí|ooding?

i]i;xt+:3':lí:

Flooding in the

Nlisissippi Basin

{'-

The Misissippi - together with its main tributaries, the

Missouri and the 0hio - drains one-third ofthe USA and a

small part of(anada (Figure 3.56).

Left to its own devices, flooding would be an almost annual

event with late spring being the peak perlod.

UntiI recently, major f|oods occuned every 5_.] 0 yea15 (theÍe

were six in the 1 8B0s) and a serious/extreme flood occuned

approximalely once every 40 years.

Usually it ÍesU|t5 from heavy rainfal| (January_May) in the

Appalachian lVlountains, especially if this coincides with

snowmelt (Figure 3.56).

Initially, it was to develop the wide, alluvial floodplain. The
,l 

927 ílood caused 21 7 deaths; 700 000 people were

evacuated; the river became up to 1 50 km wide (usual width

1 km); livestock and crops were lost; services were destroyed.

Until the 1 927 f|ood, the main policy was,ho|d by levéeí_ by

1993, some levées were 15 m high (Figure 3.57). After 1927'

new schemes included building dams and storage reservoirs

(6 huge dams and l 05 reservoin on Missouri);

afforestation to Íeduce/deIay runoff; creating diversion

spilIways (e.g. Bon net Cané floodway diverts íloodwater

into Lake Pontchartrain and the sea); cutting through

meanders to straighten and shorten the course (Figure 3.57).

In 
'1883, Mark Twain claimed that'You cannot tame that

taw|ess Íreami By 1 973, it appeared that the river had been

tamed: there was no further flooding . . . until 1993. Has

hu man intervention made the danger worse? (page 96)

Canad" ť.l{ \-) r'--
!

-\ .,''' 
n

"\ , Í,..í 1.:.z

6 What attempts tan be made t0 Íeduce the

flood hazard?

7 How succesíuI have the attempts to redu(e

flooding been?
UsuallY. of course, the great

ll,rrrds rrccl'lI in the lou er rivcr'

in the last i600km below Cairo'

lilinois. This is where the Platn

flattens out (the river droPs less

than l20 m Írom here to its rnouth)

JllLl \ihťre rhe ohio and Tennessee

ll(,\\ into the Mi:sissiPPi'

oí the water that t1ows past

MemPhis, onlY about 38 Per

cent comes frorn the Missouri-

MississiPPi network' The bulk

cOmeS Í-fom the ohio and

Tennessee. from the lush

Appalachians. rather than the drY

Micl-West. 'We clon't mind too

rnuch about the Missouri" says

Donna Willett' sPeaking for the

US ArmY CorPs of Engtneers

(who have the resPonsibilitY of

flood prevention)' 'It can rain there

íor weeks, and we wouldn't mind.

We can handle three tirnes the

water coming down in those

floocls. But the Ohio' well' that's

another storY' When that starts

..:^:,.^ \Í/p qtrfÍ watching...'

Missouri and other right-bank
tributaries drain the relativelY
dry Mid-West.

Most rain falls in summer
when evapotransPiration
ls at its highest.

ttiissirrippi/
drarnage
basrn

41- on"-rfr*"",o"
-) in the ApPalachians

ŇY whighreceive heavy
erqí b cyc[b|i! rainfa||.^^,/ 

6Š betuy"én January and

^.seXt May. F_lqod risk

lXď increasedfol|owing
' ^o' snow-melt.

Cairo

Memphis

watershed LowerMississiPPi
usually receives the

lN\lL\ I\l
larqest and most
fre-quent floods 

- 

.'-

f-
(

Gulf of Mexico



1a Height (metres) of Ievées at Memphis

12.5
landside

',f

25 50 75

Base width of levées at Memphis (metres)

b The 1993 flood at St Louis

12.5

r 0.0

7.5

St Louis
5

:
previous 1993 flood peak -G.OS 

m

highest
flood level

flood level

usual level of Mississippi +rn

heighr of St Louis

Two engineering schemes

to try to control flooding

After the flood: should rivers
run freer?
5tnce the flrst levée was bui|t on the
Mississippi in I /i 8, engineers have been

channel tnq the river to protect farmland
and towns from floodwaters. But have the

ievées, dams anc] diversion cbanne s actu.

al y aqqravared the floodinq?There are

two schools of thouqht One advocates
acceptinq that r vers are part ofa comp ei
ecoioqical balance and thatfloodinq shouir

be allowed as a natural event (Figure 3 ,711

The other arques for belter defences and a

more effectiv.. control of lvers (Figure J.101

Extractfrom US Todoy,a daily newspaper

Normal fl
23.2 (59.3 mm)
1 3.5 (34.3 mm)

riverside

i,?

,.,.'^r

r).uI10.0

7.5

5.0 9m

a.o
u
o
E
.9oT

2.5

12.3 m

1972

E ng i n eeri ng/pl a n n i n g schem es
in the Mississippi basin
Prior to the I 993 f ood, it was perceived
that the flow of the Mississippi had been
controlled. Th s had been achtevecl through
a variety of f ood prevention schemes
(F gure 3.51)
o LeVéeS had been heightened, in pJaces

to over l5 m, and strengthened.-there
Were alrnost 3000 km of Jevées alonq
the marn river and its tributaries.

. By cutting through meanders, the
Mississippi had been strarqhrened and
snortened:lor I 150 km, it flows in
artif ciaichannels.
Larqe spillways had bee n built to take
excess water durinq times of flood.
The f low of the major tributaries
(Missouri, Ohio and Tennessee) had
b'een controlled by a series of dams.

2.5

0

oriqinal

course of the
Mississippi

floodplain

Why did the Mississippiflood
in 1993?
The Mid lVest was aJready having a wet year
when record settrng sprinq ano sum[neT
rains hit.The rain ran off the soqqly ground
ancl nto rapidly rising rivers. Severa parts
ofthe central USA had over 2OO per cent
more rain than was usual for the time of year
(f-igure 3.58) lt was the ferocity, locatron and
timing of the fiood that took everyone by
surprise. Normall;r, river levels are fal ing in
n d _-1 -r rho spp-, Mi\ .r\ ppr Wo .tO.

perceived to be tbe major flood risk area,
and people believed that floodinq in the
basin had been controiled. Floodwater at St
Louis reached an a rime high (Figure -3.58).

Satel ite photographs showed the extent
of the f oodinq (Figure .3.59) Figure 3.60
d.s' t'b. \o 1Ó o | Ól|Ó -

April July t993 rainfall (in inches) f_l

By making the course strajghter and shorter, floodwater couro
be removed from the river basin as quickly as possible. lt was
achieved by cutting through the narrow necks oÍ larqe
meanders. Between ,l 934 and 1945 one stretch ofthĚ river alone
was reduced from 530 km to aImost 23O km. BV shorteníno
the distance, the gradient and therefore the válocity ofthá
river increases. (But rivers třy to create meanders rather
than flow naturally in straight courses.)

Marshall,Minn.i-....--.--.'...-l]l- - -_l

St Louis
Although there were some nervous moments, the cityt massive l.l
mile long,52-foot floodwall protected the downtown from flooding.
The river crested here August j at a record 49.4 feet, and the amount
of water flowing past the Gateway Arch surpassed a record 1 mí|lion
cubic feet per second.

Waterloo,,o*u F 30.5 t77.5mmt
16.6 (42.2mm)

40

*30o
.o*20

flood stage:30 feet

highest crest
Aug 1: 49.4

rlver Ievel

bankfull level

9.1m

'**.**- peak discharge
(1s.05 m)

1::-'l-, *. - _..., Rain in the Mid-West | 1..

't'., 
,,;'"":- '

N

',. .1\'+:.
l\.

Heavy rains in the
past two months
have kept land
saturated and rivers
running high

f::) 200o/o or more
tnan normal

7-y 150o/o-200o/o

oT normal

71 125o/o-1500/o

oI normal
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The consequences oíf|ooding in the St Louis area

Nearly halfofthe counties in nine states borclering the uppeí reaches ofthe
Mississippi and Missouri rivers have been declared federal disaster areas.This
is the first step in becoming erigibre for federar aid, incruding direct grants from
Congress, Federal Emergency Management Agency and many orner groups:

USToday,9August1993

Flood of '93

South

I||inois: In the Íight against flooding rivers' l7 levées were
breached. including one that flooded the town of
Valmeyer and 70000 acres of surrounding f:umland.
One flood-related death was reported.

In Alton, the treatment plant was flooded Aug l,
cutting off water to the town's 33000 resrclents. ,,Our

levee did not breach. but the water came in through
the street. the drains, anywhere there was a hole, at
sucn a rate that pumps couldn't keep up," says Mayor
Bob Towse.

Statewide property losses may top $365 milliorr,
including damage to 140 miles ofroads and eight
bridges. Agricultural damage is estimated at more
than 96l0 million. An estimatetl 4% of the state,s
cropland - 900 000 acr.es _ was fl ooded. In aclditjon.
15727 people were displaced, g60 businesses closed
and nearly 9000 jobs lost.

Missouri: The highest death toll 25-and the gÍeatest propeny
damage-91.3 brllion-of all floocled states were
repofted here. Statewide, l3 airports have been
closed, and 25000 residents evacuated. Flooding on
1.8 million acres of farmiand has caused about
$ 1 .7 billion in crop losses.

Heroic efforts appaÍently saved histoúc ste
Genevieve, which has been battling rising waters
since the start of Julv.

Declared
disaster areas

Peak discharge:
26 )une

s

s co.n s ih .:-'
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Jqffé;son
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r LouisF;;Gl

Netrraska ,,..-\
lroL turvl96sl-16,i

Kanias Knob.l
Noster

š.:i!Jílť* -1.!:]

Satellite photograph showing

f|ooding at the coní|uences

of the Missisippiwith the

lllinois and Missouri. The

Water 5uríaces are 5hown a5

bIue, buiIt up areas as puÍpIe,

and farmland/vegetation
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The need for river

B Riverflooding:
Mozambique
Mozambrque has a pronounced sinqle
wet season fo owed by a lengthy dry
season. As shown in Ěigure 3'61, both
/Vlaputo, the capital city, and Beira, the
secono clty, recelve almost 75 per cent of
their annual rainfali during the ftve or six

Zambia

management

summer months when the sun is a most
overh..ad (Figure 12 12) ano \^/nen rne
soutn-east trades, blor,vinq over the warm
olfshore \4ozambique Current, are at their
strongest (page 31 9) This rainfal pattern is

repeated tn the countries to the west and
where Mozambique's three main rivers, the
Zambezi, Save and Limpopo, have their
headwaters.

Tanzania

The people of Mozambtque are accus
torned to the threat ofseasonal floodinq.
ln 2000 the country experienced its worst
foods for over 50 years, an event that, in the

foJ owing years, seemed to become an a]moí
annual occufrence unti 20OB when the qo!
ernment ntroduced its'preventton focused

rather than response oriented'policy
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lndian Ocean
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R. umřo_ň

Tropic of Capricorn

160

Republic of
South Africa

2000
Rivers, especially the Limpopo, began to
overflorr,r their banks in early February after
several days of heavy rain, with the extreme
south of the country the most severely
affected. ln Nlaputo, tens ofthousands of
people were forced to eave thetr homes,

0 200km

the worst htt being those living in flimsy
shanty settlements located on the edges of
the city. Houses, roads, bridges and crops
were destroyed, electricity supplies were
disrupted and towns were left without a

clean rvater supply after pumping stations
were either inundated or swept away.

i;!itti!r i.:i'l

Mozambique, with rainfall
graphs for Maputo and Beira

r T

90

Beira
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0n 22 February the coastal region near

Berra received the fu impact of tropical

storm Eline - a relatively rare hazard event in

Mozambique.Wtnds of up to 260 km/hr hit

acoasta area just north ofthe still affected

flooded regions. By 24 February, further heavy

rarnfall over much of southern Africa had

swol en Mozambiquet rivers by up to B m

above their normal level (Figure 3.62). Oa 27

February, flash floods inundated more areas

rea oCrol npor d /ai ro.r .r raLes s .g

qested that up to 7000 people, without food

or d vro er'o. se re'a day., were s;rv virg 't

the tops of trees or on small ts ands of high
ground (Figure 3.63). nternational relief aid,

when rt eventua Jy arrived, was to Jast for

severa months.

Final figures stated that 7000 people
died, half a mil ron were left homeless,

There has been, this year, a
significant improvement in the
government's disaster
management. During the
previous year the government
had revamped its policies,
making them prevention-
tbcused rather" than response-
oriented. Realisirrg that ťloods
(and droughts) are going to
happen, then the best approach
is to try to minimise their
impact. The Disaster Agency

opened regional branches and
began monitoring weather
forecasts, npstreant dam
capacities and rainfall in
neighbouring countries. It also
set up an early-warning system
and moved boats, together with
reserves of food and medical
supplies. to plrces wirh a high
Ílood risk. Firrally it drew r-rp

contingency plans aimed at
evacuating low-lying villages
should the need arise.

N
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tigure 3.62

Aerial photo showing the

eXtent ofthe 2000 í|ood

The need for river management Wreffin

2 mil ion had their ives affected, '1 1 per
cent offarm and was ruined,20 000 catt e

were drowned and local industries in

Maputo were forced to close.

2001
Over a month of heavy rain caused rivers in

central areas, lncluding the Zarnbezl near to
Chokwe, to overflow.These floods led to 4l
deaths, made 750 000 people homeless and
affected half a million people in total. Roads
and bridges, some only just repaired from

the previous year, were swept away.

2006 and 2007
Following droughts in 2004 and 2005,
heavy rainfa I at the end of December 2005

and through early 2006 again affected

thousands of people, a though this time

řigure 3.64

Extractfrom a 2008 UN

report (UN/BBC News Africa)

the death tol was down to 21 . However, in

200/, several weeks of heavy rain resulted
in the worst Zambezi floods slnce 2000.

Fears that the huge Cabora Bassa dam
(Flgure 3.6,1) might overf ow led to water
belng released from the lake behlnd lt Thls
resu ted in the leve of the Zambezi rising

even higher, and tncreased f ooding in the
lower basin. As a result 30 people died and

70 000 peop e were forced to leave their
nomes.

2008
Although an estirnated 1 15 000 people
were affected by the 2O0B flood, the death
toll was limited to 20.This was, according
to UN aid workers, due to Mozambique's
success in preparlng for the f ood event
(Figure 3.64).
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C Flooding: the Severn in
Engfand, 2OO7
For many parts of England and Wales,2007
was the wettest year, and certarnty the
wettest summer, ever recorded.The main
reason was a failure by the poiar front jet
stream to move northwards as it usually
does at this time of year (Flgure 9 37). Thls
meant that instead of the drier, more settled
weatner associated with a British summer,
winds still came from the rrow warm
Atlantic Ocean. Being warm, these winds
were able to collect more moisture than
was usual as they crossed the sea, resulting
in heavy rainfall as they reached the Britisll
lsles.Torrential rain during June caused
severe flooding jn Hull, Doncaster and
Sheffield that was to ieave some properties
un jnhabitable for over a year.

řígure 3"65

LowerSevein vattey

Worcester

WORC TER
Pershore

(neovtest rain)

o

20July
Although forecasters had warned of heavy
rain for up to a week beforehand and the
Met Office had issued a severe weather
warning two days before, no one qu jte
expected the downpours of 20 Juiy.Two
months of rain fell in two nours, and three
lmes luiy's normal tota j in 24 hours in
parts oíthe M jdlanc1s where the sorlwas
alíédoV SalJrdiec] and rr.ar y,rl 3's W€.€
close to thejr bankíull level. Pershore, ln
Worcestershire, receivecJ ']45 

mm tn that one
day. Flash flooding immediately affected
severaltowns in the Avon and lower Severn
valleys (Figure 3.65). By early evening much
oí Evesham and parts of Stratford.upon
AVon were under water, I billion iitres of
water was pouring through G joucester
wnere up to 2000 people were to spend
the night in emergency shelters, and resi_
dents in Tewkesbury, at the confluence of

sHl ňts

R. Avon

the Severn and Avon, had begun to leaw
their homes. The flooding and the volume
of traffic caused gridlock on malor roads n

rne area, with an estimated lO OOO

left stranded for up to l0 hours on tne A/5

between Worcester and Gloucester {Figure
3.ó6).This gridlock prevented the emer

9é.lC\ \erVicps r ov'no eqUiD..1. '"' r 
o,

portabte steel flood barriers to places ike

upton-upon-Severn wh jch were
by flooding, and hampered their attempts
to rescue people already trapped,The
was tne targest deployment of rescue heli

copters and the biggest peacetime erfer
gency ever in tbe United Kingdom.

řig*re 3.s6

Gridlocked traffic on a flooded
road nearTewkesbury

GLO

R. Severn

o
Gloucester

(many people

upton-upon-Severn 1l
(cut offfor several days)

(cut offfot 2/
areas most affected
within this zone

M5
(gricllocked

on frrst nÍght)

J cheltenham

TERSHIRE

R

\
Thames

(towards

Oxford)
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22July
iVore rain, toqether with runoff arriving

from the headwaters of the River

Severn, made the sltua|on even worse.

rle copters were still rescu ng people from

Tewkesbury where 75 000 resldents were

comp etely cut off (Figure 3.67). Nearby,

ihe Avon bega n to f ood a water treatment

',,rorks at the Mythe, forcing it to c ose

Cown and eaving 350 000 peop e wlthout
r,ater for washing, cooking or sewerage.

O-...) l1 O th. OL'i.o -].o O' .

arose as f oodwater began seeping into an

e ectric ty sub-power station, threatening

tocutoff supp iesto600000 peop e This

leci to the military berng ca led in to he p

construct a I km embankment around the

station to prevent further I ooding and

then to pump out water that was already

in it.This was achleved despite having

only six hours before a hlgh tide at nearby

Gloucester wou d cause the level of the

Severn to peak at almost B m above its

usual eve . Meanwhl e further heavy rain

was beginning to cause rnajor disruptrons
to places fu rth e r east in the'1-ha mes Va I ey

23 July
Ha f oíG oucestershlre Was now Without

water and peop e were to d that it rnight

be two weeks before supp ies cou d be

restored, and 50 000 homes were without
e ectricity. Freshwater tankers and bottled
water supp iers were strugg ing to reach

p1aces stl I cut ofí whiIe supermarkets
were experiencing panrc buyrng. Of the

thousands of people who had had to

e.d LdtP iei iOneS i-] Lhe.eg o 'o'rp

were warned it would be over a year

before they cou d return. While the Severn

was sti I over its banks in several places

and severe flood warnings remarned
in n :ro hoirrrpon ToirrLp<h, u"ya-o
Gloucester, lt was now peop e liv ng c ose

to theTharnes in Oxfordshlre who were
faced with a rea threat from f ooding.

24July
Floodwater had by now reced-^d from
most p aces in the Severn val ey apart
from properties adjacent to the river rtse f.

Mopping up cou d begin but the real

clean up was expected to take months.

lnitial estimates of flood damage were put

at over f2 bi lron.
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D Flood and river
management
Economically more developed countries
such as tbe United Kingdom have the
caprtai and technology that enable them
to better predict, plan fo1 manage and
respond to the flood risk than do less eco_
nomically developed counrrres sucn as
Mozambique.

Flood management rn the UK is the
responsibility of the Environment Agency
(EA) The EA has the powers ro set meas
ures In place to reduce the risk of floodlng

Planning for flooding

Communicating flood risk

Detecting flooding

Forecasting flooding

lssuing flood warnings

Providing information on floodinq

Responding to flooding

on nvers and tidalwaters. lt also has the
lead roie in providing flood warnings and,
wherever possible, to protecr peopte and
property at risk. Dynamic issues such as
climate change, floodplain development
and evolving technology mean that the EA
has to frequently update jts flood warnrng
servtce and advice.The EA aims to recluce
the impacts of flooding by:
. strategic and development plannrng
. Investment in planning and managing

flood defences
o mappinq areas at risk of flooding and

managing fl ooding jnformation

o managing floods and providing the

flood warning service.

Flood incidents vary in scale and rmpact,

from low impact of unpopulated floodp a ns

to severe flooding rn large towns anclcrtre!

which can disrupt key parts of the urban,

and even regional, infrastructure. Accordin!

to the EA, a flood incjdent involves plan_

níng for f|oods, communicattng the riskof
flood i n g, detecti n g a nd forecasti ng flooding,

issuing flood warnings, provicling informa
tion on flooding and responding ro flooding
(Figures 3.68 and 3.69).

We.constant|y plan íorflooding and organise how we
wlt respond t0 each incident. We regularly meet with our
professional partners to create multi-agency response
pIans and major incident pIans forf|ooáinq..theie detaiI
how each organisation will respond to flooding in specific
t0catt0ns.

We talk to the public throughout the year about all aspects
of our flood risk management work. We focus on flood
awareness, our flood warning service (tigure 3.69) and
providing information about what to do before, during and
after the event.

We monitor rivers and sea conditions, 24 hours a day, 365
days a year, so we are prepared for potential flooding. We
use remote detection systems to measure rainfall, wind
speeds and direction, water levels and water flows in rivers
and seas.

We use flood forecasting so that we know when and where
to issue flood warnings and when to operate ourflood
defences. We share this with our professional partners so
that they can also respond to flooding.

We send warnings by automated voice messages to Iand_
line and mobile phones, and by fax, pager, SM! text, email,
ía.tic sirens, public address IoudhaiIers and broadcaís by
radio and television.

lfthe public have not received flood warnings or want
confirmation ofthe warninqs issued, they can view
warnings in force by: visiting our website at www.
environment-agency.gov.uk/floodline, viewing Teletext
(page 154) and Ceefax (page 149), or contacting
Floodline on 0845 988 i i 88.

During a flood our priority is to issue flood warnings and
make sure that our flood defences are working properly.

Figrre 3,68

How the EA preparesforand

manages a flood event

Police, ambulance, fire and rescue services. Local authori-
ties, utility companies and community groups

Residents and property owners living or working in the
aÍea

Met0ffice

Met 0ffice, emergency services, utility companies, local
authorities

General public, profesional partners, the media

Website, the media, telephone

Drainage basins and

Emergency services, local authorities
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řigure 3.69

Guideto the EA,s í|ood warning codes

Triggers

. Recorded rainfall that will cause flooding
r Recorded or forecast water levels that will cause flooding
r 5nowmelt forecast

Triggers

o Heavy rainfall thatcould causeflash flooding
. Snowmelt
o 0bserved risÍng Ievel.CÍiticaI trigger point reached
. Forecast level or flow - trigger point for Flood Warning

forecast
o Site observations, e.g. blockages ordefencefailures
r Actual flooding

lmpact on the ground

. Flooding ofhomes
o Flooding of businesses
. Flooding of cellarsand basements
. Undetground raÍl stations and Iines vuInerab|e
. Flooding of major road infrastructure
o F|ooding ofrail infrastructuÍe
o 5ignÍficantí|oodp|ain inundation (high riskto caravan

parks or campsites)
. Flooding of major touÍist/recleationaI attractions
o Damage to flood defences

for the excess water to go. A government
report of 2004,,Making Space íorWater]
cdnle to tle sane co'rc L. or, p'opos 19

the sacrificing of farmland, meadows and

o he. a.eas o'oper spdce d5 o way aÍ
en< trinn éá<f dámtné t^ r' '.- '' J 'J. '. prooe"Ty aÍ-o

disruption to human activity (althougb this
seered aL odd, witl goverr rerr p1615 e

build thousands of new homes in flood-risk
areas - page 400).

FInnd prnprÍ< l.'..r,e hpo'-]n detaj eo

mapping of arge urban areas in Britain.

They hope, by using three-dimensional
Ťap5, .lol or ly to sl.ow W1ic1 pIaLe) dre dI

n|é2|c(| ri.k h r:|<ntn nror]irI hntnrnpan

Triggers

As for tlood Warning plus:

. Site observations of severeflooding ormajor problems

with infrastructure and 5eÍVi(e5
. Forecasts predi(ta WoÍsening situation and severe

flooding likely
o Actual flooding
. Professional judgement, including consultation with

professional partners

lmpact on the ground

. Large numbers (at least 100) ofhomes/businesses

expected to flood
. Large numbersof peopleare likelyto be affected by

flooding
. Highestrisktolife
. Severe adverse impact on IocaI infrastÍuCture anti(i.

pated, e.g. transport, hospitals, utilities
o 5ignificant impad on the capacity of proíesionaI

partners, organisations and the public (e.9. vulnerable

groups) to respond effectively
. Flood defence failures or overtopping which could result

in extreme flooding

the water might get and how long it might
take before draining away.

Others are pointing out that by con
structlng hard defences and flood walls
(Figure 3.70) all that is achieved is to push

the problem further downstream. They
sLggest tl^ar Ll'ere reeds to be a 'na,or

upgrading of the sewerage network and

d.ainage sys.eŤ5 lo copé W tl. rro'e 5eve.e

storm events, that houses should be built
with the ground floor used for car parking

and iving space above it, and the use of
stone and concrete for flooring would
enable a fooded house to be hosed down
and dried out more quickly than at present.

lmpact on the ground

. Fast-floWÍng rive15

o Bankfull rivers

. Flooding offields and recreation land
o Minor road flooding
. (ar park flooding

. Farmland flooding

. Surface water flooding (linked to river flooding)
o Over|and flow from riveÍs and stÍeam5
o LooIised Í|ooding due to heavy storms

All0ear
We aIso use an,Al| (leať message to indicate receding f|oodwate15 a nd a sett|ed outIook.

Management in the future
C iraLe.nodel e "S o"é tloW p.ed.c1ir 9 LhaL

bv. 080, dL,e .o r i-ore clar-ge, f,oods

ile those e.pe ien.ed ^ [r gJard ir 200-.
wh ch l^ar e orer iorsly or y tappened once
in every 1 50 years, could happen every 20

to 30 years. nsurers expect that by that
trme annual losses wrll be f2 l billion - five

times greater than in 2007. Since the floods,

environmental risk consultants have been
urging the British government to take
||'ílA| | \ trn< tn del w tl the incteased ri:t
ofheavy rainfal events and that, instead
't "t ^ ---^''nLheflowolurryr 9ruLUrtru o ULU Lo

rlvers as in 16-. past, space should be found
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The need for river management

Farming (field drains) and urbanisation
(drains and sewers) increase the speed
of throug hflow

Banks and beds lined with concrete
allow the river to flow more quickly

Greater volume and velocity can
increase the river's load and its
ability to erode

F|ood banks (|evóes) bui|t too c|ose

to ríVeÍs |eave no storage space for

excess water

.\

.i:. :

Rivers can use their floodplain for extra
storage capacity while the increased
wetted perimeter reduces the river's
velocity

Rivers allowed to meander more slowly
over their floodplains reduces erosion

Less rísk of f|ooding and erosion downstream
although a greater risk where houses and
factories have been built upstream on the
flood plain

Farming (bare fields in winter

and urbanisation (tarmac)

increase surface runoff

Artificial defences expensive tr:

construct and later to maintall

Water draining away faster from

upstream locations can cause

greater problems downriver

New housing and factories
built above the floodplain

F

Straightened. arl i[icial courses
incÍease the riVeÍ,s VeIocity

i,\

Vegetation improves the visual
appearance and helps create buffer
stri ps

A culverted river may not be able to
take the extra water ofa flash flood
and can trap debris at the same time

Hí9h f|ood banks (|evées) can caUse
the bed of the river to rise a nd, if they
are overtopped, to give a more severe
flood event (Mississippi 1993)

,l\4uch expense and environmental degradation is invo|ved ín forcing a ríver to flow where it is put,

rather than Where iť Wants to be, and where the desígned plan is inappropriate to that reach of the
river.'(Newson)

l:.::,:i{;r.:rJ

A managed river

itrri'r:1,1 i

A free-flowing river

- .___::-_ r_,]= ::_ ..\

Natural river banks are
cheaper to maintain -----.-'$?"<"

t\
Rivers in flood deposit

silt over the floodpla n

-':.
'i:.

Floodplains and river banks
provide habitats for wildlife

Less throughflow and surface
runoff reduces the risk of
flooding
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The need for river management

Farmíng (fie|d drains) and urbanisation
(drains and sewers) increase the speed
of th roug hflow

Greater volume and velocity can
increase the river's load and its
abilltl to erode

F|ood banks (levées) bui|t too close
to rivers leave no storage space for
excess water

Banks and beds lined with concrete
allow the river to flow more quickly

Straightened, artificial courses
increase the river's velocity

i.'
-.š;....-=

t-tl

.

Farming (bare fields in winter)

and urbanisation (tarmac)

increase surface runoff

Artificial defences expensive to

construct and later to maintain
. -l

:

'\:-'

Fig*re 3"lS

A managed river

Natural river banks are . ' --..

cheaper to maintain :

Floodplains and river banks
provide habitats for wildlife

iisíjr{'}.]1

A free-flowing river

Vegetation improves the visual
appearance and helps create buffer
stri ps

A culverted river may not be able to
take the extra water of a flash flood
and can trap debris at the same time

,,,1.1.;r,,

'-./'

High flood banks (Ievées) can cause
the bed of the river to rise and, if they
are overtopped, to give a more severe
flood event (Mississippi 1993)

Water draining away faster from
upstream locations can cause
greater problems downriver

New housing and factories
built above the floodplain

,l\4uch expense and enVíronmentol degradation is ínvolved in forcing a river to flow Where it is put,
rather than where it wants to be, and where the designed plan is inappropriate to that reach of the
river.'(Newson)

Rivers can use their floodplain for extra
storage capacity while the increased
wetted perimeter reduces the river's
velocity

Rivers allowed to meander more slowly ,

over their í|oodpIains reduces erosion

Less risk offlooding and erosion downstream
although a greater risk where houses and
factories have been built upstream on the
floodplain

Less throughf|ow and suríace
runoff reduces the risk of
flooding
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e0

Should rivers be managed or not?
People livrng and working in flood-rlsk areas

natura ly want their Iives, property and way oí
i e p'olerI ng ),el nLreocing y lhis car orlv be

done at greater financial and environmental
n\]( \nmonf |hc.|nh|pm( rrpáIpd hii l'lr.nn)-

to contro rivers are shown rn Figure 3.70.Yet

as flood events increase in frequency and

severity, there may come a tirne when it is

impossible to finance new defences or main-

tain existing ones. Figure 3.71 shows some of
rlewayr bywl''cl' le trA la:, r a oubi,led
nrrL n'-6s hercs I'ipd nrgl'6b J 161pll9-l

nvers and therr floodplains ln an attempt to

allow peop e to live with, rather than trying to

control, tnem.

The River Skerne, near Darlington in County
Dur haTr. lad. ove' 200 yea's, beer prog et
sively straightened forf ood contro, drainage,

housing and rndustrial deve opment (l igure

'.. ) t. \e 'oodp ain l^ad been o p oCe [o

tinninn ennla'n rd ed w r:le yyf 3 Lhe tiver

itse l^ad oeco're pol .Led. -f iql y a^d, -
n' r, es 1 r, , er-ihlp Inrn,.rd. Lhe end of Lhe

)O h, anl rr'r,r:'lnr <nrn:ni<'tinrr inzl"n ^-U, lr\ LJI) .o UUJ rlyo llrOLlUl -,ll LIUU 9

the EA, Northumbrian Water, English Nature,

Ll'e CourLrys de Corr ssior ard Dar rgLo 
'

Bo'ougl' Courcil.worted ioqeLl'e' $iLh cor r'

.'..]^".|,. ^ ^F{^.| |^ "^Á.l.i| r.'^ Á^,;' ^' |r ^,,'.,) uq ou q gilglt/ LU rq rouilrLoLq L rq rvqr ' gurq

3.73).This has been achieved without com-
n.n1,c ,14 r6n6l n..tpa- ^a 

.tandardr.Y"'''Y
Rillpr< marl |.\é rphihiIit>tp.l h.. . )y.
. creating new habitats for wildlife

(otters, birds, fish)

o reshaping river banks and channeis
and replacing artificial beds and banks
('hard'engineerinq) with natural

materia s

o r.creafiTO Tlpd^der. "^d.,f''o,. reopenlng culverts.

Floodplains may be rehabilitated by:

o restoring former ponds and wetland
areas or establishing new ones

. raising water tables and allowing
increased flooding on f oodplains

o p anLing Lrees a1d sirubs and c'eal,19
buffer strips

. ..pal.1.| recreation á.paS'

National Hurricane Center
www.nhc.noaa.gov

Omnimap.com
www.omnimap.com

Ordnance Survey
www. ordnancesurvey. co.uk/oswebsite
wvnrr. ordnancesurvey. co.uk/oswebsite/
getamap/

Ordnance Survey of Northern Ireland
wwrv. osni.gov.uk

Population Reference Bureau
wwwprb. org/Publlcations/
GraphicsBank/PopulationTrends.aspx

School for Disaster Geo-Information
Management

www.itc.nl/unu/dgim/diagi pakistan. asp

Soil Survey Maps
wwwcranfield. ac.uk/sas/nsri/index. j sp

Stanfords Maps
wvwv. stanfords. co. uk

Streetmap
\.^,'\ /w.streetmap.co.uK

US Geological Survey
v/ww.usgs.gov

ffi

ll
Figure 3"3!

The River 5kerne before

rehabilitation

.]Ý,

Sourc*s *$ rmaps
$ee pages 9B-99)

Textbooks
Ross, S. (2002) Essential Mapwork Skills,

Nelson Thornes, ISBN 978-0-7487 -6467-7
Ross, S. (2006) Essential Mapwork Skills 2,

Nelson Thornes, ISBN 978-0-7487 -8436-3

Shops
In the UK, Stanfords (branches in London
and Bristol) carries an astonishing range
of maps and is well worth a visit (website
address below).

Online
British Geological Survey

www.bgs. ac.uk/enquiries/rocks_
beneath.html

Caribbean Disaster Emergency
Response Agency (CDERA)

wwv.cdera.org

Cassini Historical Maps
www.cassinimaps.co.uk

China (topographic maps)
http://cartographlc. com

Environment Agency
www.enviroment-agency. gov.uk/maps

Geological Survey of India
.n^^/Wgsí.gov.in

Get Mapping
u,'wnv. getmappin g. com

GOAD maps available through
Experian at

www.business-strategles.co.uk/sitecorei
co nt ent/ Pro du ctso/oZo ando/oZO s e rvi c e s /
Goad.aspx

Google maps
wmnv. maps.Boogle.co.uk

Land use maps Brighton and Hove
www.sussex.ac. u k/geography I | -2-4- | -2
html

Florida
www.mapwise.com/maps/florida/land-
use-zoning.html

Map Action
\ ''\'w.mapaction.org

Met Office
wn'w. metof f ice. gov. uk

Multimap
r.r,'vwv. multimap. com

I

I

!

I

.-,-.1

Ihe River Skerne after rehabilitation
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Figur* 1.74

Extract from a geology

map. Notice how rock

types (coloured) are

superimposed onto a

traditional 05 map
Solrce: www.bgs.ac. uk

Maps provide a rich source of information for
geographical study.There are many different types,
including the traditional topographic Ordnance
Survey (O5) maps, and specialist ones such as soil
maps, geology maps and historical maps. Detailed
maps existfor many parts of the world, providino a
huge amoUnt of information on Iand use, tourisÁ
and communications.The Internet is a great source
ofmaps, enabling the userto have control over scale
and coverage. See page 97 for some useful sources of
maps, íncIuding those described beIow.

Papermaps
In the UK the maps most commonly used by
geography students are the topographic OS maps.
These are widely available and cover England, Wales
and Scotland. Maps of Northern lreland (produced
by the oS of Northern íre|and) are s|ight|y different,
although there is widespread coverage.The most
commonly used OS maps are the Landranger 1:50 000
maps and the Explorer 1 :25 000 maps. Now that all the
cartographic detai|s are stored digíta||y it |s possib|e to
obtain site-centred maps at a great variety of scales,
including 1:l0 000, j:5000 and even l:j 250, which qive
detailed layouts of houses and gardens

Across the world, topographic maps similar to the
UK's OS maps have been produced mostly using
sate||ite information and expíoiting G|5. Recent|y
1:50 000 topographic maps of China have been
produced and these are now widely used to support
economic development.

Many speciaIist paper maps are avaí|abIe for
geographical study:

o The National Soil Resources Institute at the UK!
Cranfield University publishes extremely detailed
soil maps.

o The British Geological Survey has produced
similarly detailed geological maps identifying

rocktypes and geological features
(Figure 3.74).These have many
applications, for example in studying
the location of landslides orthe
distribution of farms.

o The Geologicalsurvey of India
publishes geology maps at various
scales.These show details of
geology as well as hazards and earth
resources.

o Historical maps are now available
for many parts of the UK and these

are an excellent resource when investigating
cnanges over time, for example for an inner citv
area such as London Docklands or on a rural_
urban fringe.

o Land use maps provide a further useful historical
record for geographical study.Two sets ofsuch
maps coverthe UK.These were drawn up in the
1930s and 1960s. More recently in 1996, the UK
Geographical Association conducted a land use
survey of 1000 x 'l km2 squares _ 500 rural and
500 urban - to enable comparisons to be made
with the historical land use maps. Similar maps are
available for other parts of the world.

o In South Africa a large range of city maps is
avai|abIe from omnímap.com, together With a
selection of topographic maps at different scales
and thematic maps covering land uses, resources
ano geology. Omnimap.com also sells a range of
maps of Malaysia, including land use maps and
detailed geology/mineral maos.

. InternationalTravel Maps (printed in Canada) oive
an exce|íent coverage of South America incIudinq
the Amazon rainforest. These maps can be
obtained from Stanfords bookshop (see ,sources

of maps'on page 97). Similar maps published bv
Globetrotter give good coverage of the Middle
East, and are also available from Stanfords.

r In the UK, students may come across GOAD maps
atGCSE. Essentiallythese plot commercial land
uses in towns and cities. Buildings are drawn
to scale and the nature of the building use is
described; individualshops and stores are named
GOAD maps provide wonderful historical records
and can be used to demonstrate changing urban
land use (particularly retailing). While these
maps are only available for the UK, they are a
useful source of information for anyone studying
geography.

Maps on the Internet
Today when asked for a map, most students
aUtomatica||y turn to the ínternet' There are severaI
lnternet map providers, including Google Maps,
Multimap, Get Mapping and Streetmap.The Ordnance
Survey aíso provides maps onIine, and has a service
Get-a-Map by which it is possible to find a map for a
named place and print it, subject to certain conditions.

The lnternet gives access to maps of all kinds, quickly
and cheapÍy (often free of charge), and usua||v offers
interactivity, with zoom and navigation facilities.
Increasingly Gl5 enables the user to select particular
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Track of Hunirane

lke, September 2008
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information to include on a map. Aerial photographs

and so-called'hybrid' maps (traditional maps

superimposed over aerial photos) provide a further

dimension for the geography student.

Many organisations provide specialist maps. For

examole:

o Map Action produces maps of areas hit by natural

disasters such as volcanic eruptions, earthquakes

or hurricanes.These maps are produced very
quicklyfollowing an event to support relief

agencies in their work.

. The School for Disaster Geo-lnformation

Management has a tremendous selection of maps

relating to the 2005 Pakistan earthquake; some 40

maps have been produced at a scale of 1 :50 000 to

assist aid workers in the region.

. Maps plotting hurricanes can be found at the

National Hurricane Center (Figure 3.75).

o A huge variety of maps to support the study of
tectonics, water resources and geology can be

found at the US Geological Survey.

o Fordisasters in the Caribbean, such as earthquakes,

volcanic eruptions, hurricanes and landslides, the

Caribbean Disaster Emergency Response Agency
provides excellent information including maps.

. Up-to-date and archive weather maps can

be found at the Met Office and a range ofUK
postcode-related environmental maps can be

found at the Environment Agency's website.

. A great site providing population maps is the

Pooulation Reference Bureau.

Using maps in geogÍaphical řesearch

Maps are an essential part ofstudy at AS/A level and

you should make use of them when conducting your

own individual research. At the most basic level a map

identifies the location of a study area. lt also helps

to provide context, for example where a place is in

relation to other places, or important features of the

landscape. Geography is about interrelationships and

connections and maps are often invaluable in this

resoect.

Information on maps can be directly relevant to

geographical study, providing an alternative source of
information about an area. In physical geography, for

examp|e, maps can be used to identiýfeatures such

as corries, raised beaches and sea stacks. In human

geography they provide information about services,
patterns of roads and settlements, and land uses.

Sketch maps

Topographic maps are wonderfully detailed but

sometimes they contain too much information so

that it is difficult to see the overall picture. A sketch

map enables a geographerto be more focused by

making a careful copy ofjust a few selected pieces

of informatlon. Sketch maos are invaluable when

researching case studies, for examp|e in identiýing
landforms along a stretch of coastline.When drawing

a sketch map you must be clear about its purpose

and avoid adding irrelevant detail. Ensure that your

map is as accurate as possible and remember to

always include a scale and a north arrow Use labels or

annotations to provide interpretation of your map.

Using maps in exams

There is a strong chance that you will be given a map

extract in one or more of your exam modules; so you

do need to prepare yourselfthoroughly as part ofyour
revision. Practise the essential mapwork skills such as

using grid references, measuring distance, describing

orientation and drawing simple sketch maps. Make

suÍe you know most of the symbo|s so that you can

'read'a map without having to keep referring to the

Key.

Take time to learn how to interpret a map in different

geographical contexts. For example, be clearwhat

different types of housing look like in an urban area,

and make sure thatyou can identiý a high tide line

when examining a stretch of coastline.

$iS*r* 3,7S

Detailed topographic map of

5ingapore

Soune: www.omnimap.com
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start of storm

$ig*re 3.?i

The relationship between rainfall and
runoffin the course ofa typical storm

1 Study Figure 3.77.

middle of storm

-

time from start of storm
end of storm Ěigrte 3"7&

FieIdsketch oÍ

a mean0er

a i What is surface storage? e marks)
ii Why does interception decrease during a storm?

(3 marks)
iii What happens to surface runoff during the storm?

(4 marks)
b What would happen to a river at the following stages:

i at the start ofthis storm
ii at the middle of the storm
iii at the end of the storm? (B marks)

iii Why is there no soil moisture deficit shown in
Figure 3.3? H marks)

b Why would a farmer need to understand the water
balance of farmland? (6 marks)

c The figure shows the reaction of a vegetated area to a
heavy rainstorm. Describe and exp|aň which parts of the
model would change if the area were covered in concrete

Why do water companies in Britain depend on winter
rainfall to maintain reservoirs? 6 marks)

i Studythe diagram of a meander (Figure 3.78) and
identify the location of the following landforms:
inside of the bend; outside of the bend; floodplain;
slip-offslope; river cliff. g markl

ii Describe the features ofthe channel cross_section
of a typical river meander (5 narks)

ii Explain each of the following terms used in the
description of a soil moisture (water) budqet: field
capacity; water baIance; soiI moisture uti|Éation.

(7 marks)

ff xm gg* p Ě"eďegm*1 fu m g Řc s€ff {"€{*a$ ť#ď q ums*twms
etsá6* 46&*4Ěe B * ** a ó á 6á6 s&s d*s s6 *"**o6+*4 +46+s9s s$éě.

4 a i What is a'storm hydrograph,? B marks) ii
ii What is meant by each of the followinq terms used in

re|ation to a storm hydrograph: |ag tiňe; pear<

paving and drains. (B marks)

Study Figure 3.3 (page 60) and answer the followino
questions:

i What is a'soil moisture budget'? (2 marks)

discharge; recession (fallinq) limb? (6 marks)

Choose one of the following features of a river: waterfall;
cascade; rapids. Using one or more sketches/diagrams,
describe the features ofyour chosen |andform aňd
explain how it is eroded by a river. (7 markl
i How does a meandering river form an oxbow lakei

(6 markl
ii How could the formation of an oxbow lake lead to

management problems on the floodplain of a rjverT

(4 markl

s6*ýá4séE&*ss*e6ese&Ť*6ssÉ$é*éÉ*.|

With reference to specific example/s, suggest how
nver mana9ement strategies may be used to alleviate
the problems caused by J,flashy,'regime. fS r:r,kf

Study Figure 3.27 (page74).Describe the river bed
shown in the photograph. (3 marks)

ii Suggest where the loose boulders shown beside the

b i ldentify two drainage basin characteristics that make
a river react quickly to a rainstorm (have a,flashy,
regime). For each one explain why it has this effect.

(7 marks)

al

throughflow, soil moisture
storage and groundwater
storage {varies according to
soil and rock type)
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iii How does a river erode a river bed such as the one in the
photograph? (6marks)

b Explain two ways in which you would know that loose
rocks found on a field trip had been worn away by a river.

(6 marks)

c With the aid of diagrams of a waterfall, show how it is

being changed over time by river processes. (6 marks)

6 a i Describe the characteristic features of a dendritic
drainage pattern. G marks)

With reference to one or more river basins that you have studied,
describe and evaluate river rehabilitation schemes.

(25 marks)

Explain how changes in the base level of a river can affect the
valley cross-section and the river's long profile. (25 marks)

Making good use of annotated diagrams, explain the
development of a trellis drainage pattern. (B marks)

Study Figure 3.53 (page 85). Describe the valley shape
you would see if you were walking from the River
Wansbeck to the Hart Burn (2 marks)

ii Explain how the present drainage pattern evolved
from the former drainage pattern. (6 marks)

Choose and name an examp|e of a drainage pattern otheÍ
than a trellis pattern. Describe it and explain how it has
been formed. (6 marks)

b Choose two landforms formed in a river valley by a
change in base level. ldentify the direction of change
involved and describe and explain the formation of
each landform (15 marks)

a Under what circumstances do rivers deposit material?
(12 marks)

b i Explain how |evées form as a result of natura| river
orocesses. 6 marks)

ii How do Ievées affect rivers and their tributaries?
I marks)

Study Case Study 3B on pages 90 and 91.

a Describetheseasonal rainfall pattern in Mozambiqueand
explain why this distribution of rainfall makes flooding
common in the countryt major river basins. (7 marks)

b Population densities are increasing in both the ruraland
urban areas of Mozambique. Suggest how this increases the

16 'Flood hazards, resulting from a combination of physical and
human influences, are increasing in many parts of the worldl

Discuss this statement with reference to rivers in countries at
different stages of economic development. (25 marks)
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7 a Usingannotateddiagram/stohelpyouranswer,illustratethe b ldentifyandsuggestreasonsfortwovariationsinthe
components of a storm hydrograph. (5 marks) long profile of a river. (1 3 marks)

b Explain how it is possible to measure the discharge of a 1{
stream in the field and how the results collected will be

s)

ts)

'()

a i What is the difference between qeneral base level and

(10 marks) local base level? (6 marks)
processeo.

ii Explain what happens to base level in a river system
c Why do lag times differ on the same stream at different

if sea-level falls. (4 marks)
times? (10 marks)

8 When a housing estate is built on the rural/urban fringe, pre-
existlng drainage patterns are changed and river systems
respond in a different way to storm events.

a Study of such changes must start before building to 1",
establish a'baseline'for change. Briefly describe one
technique you could use to measure the discharge of a

stream in a rural catchment. (5 marks)

b Describe and account for two changes to discharge which
may occur once the housing estate is built (10 marks)

c Describe two problems that could occur in the area due
to the altered discharge pattern. (10 marks) 13

9 a Usingannotateddiagram/sonly,showhowthevelocityofa
typical river varies across its cross-section. (5 marks)

b i Describe the processes by which the load of a river is
transported. (B marks)

ii What factors affect the size of the particles eroded, flood hazard in the country. (Bmarks)

transported and deposited by a river? (l2 marks) c '... the government introduced its prevention-focused rather
than its response-focused policyl

Suggest what these policy changes might have meant in
10 a Describeand suggestreasonsforthecross-section shapeof

a nver:

i nearthe sourcé ofthe river

ii close to the mouth of the river.

different parts of Mozambique. (l0marks)

(12 marks)

Exam practice:€55ays
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