
climate, the Hydrologic Gyclg, soils,
and vegetatign: A Global Qverview

3.1 BASIC ASPECTS OF GLOBAL CLIMATE

3.1.1 The Energy Budget of the Earlh

The sun radiates energy approximately as a black-

body with u t"mp"taiure of 6000 K (Figure 3-1'

curve a); its radiation spectrum extends from the ul-

traviolet to the infrared, with a maximum in the vis-

ible range. (See Section D'1 for a review of the

physics Jf radiation.) However, gases in the earth's

atmosphere are strong absorbers of energy at spe-

cific wavelengths in this range, so that the radiation

striking the e-arth's surface is depleted in portions of

the sp-ectrum (Figure 3-1, curve b)' In particular'

norrnul oxygen (O) and ozone (O3) in the lower

stratospheiJ shield terrestrial biota from much of

the energy in the ultraviolet range, which is damag-

ing to m-ost forms of life. Water vapor also absorbs

so-me of the sun's energy in the "near infrared"

range. Thus virtually al1 the sun's energy arriving at

the surface is at wavelengths less than 4 pm; this en-

ergy is referred to as solar radiation or shortwave

radiation.
The sun's energy arrives at the outer edge of

the atmosphere at an average rate, S, of l-'74xL017 W

(4.16x101dcals-1).This quantity, divided by the area

if the planar projection of the earth,!'28x!01a rtf '

is 
"uil"d 

the solar constanf 1,.'t Thus

I * : L367 W m-2 (2821' cal cm-2 day-l) ' To sim-

piify out discussion, we take S = 100 units of radiant

energy input and trace out the fate of this energy in

the Jarth-atmosphere system prior to its ultimate

renection or reradiation back to space (Figure 3-2)'

;ii ,h"." energy values are estimates of globally

and seasonally integrated averages of values that

are highly variable in time and space'"

Oi ttr" 100 units of incident energy' 26 are re-

flected from the atmosphere (20 by clouds) back to

space. Clouds absorb 4, and atmospheric gases

aiout 16, of the remaining units, so 54 units are inci-

A"n, up"n the earth's suriace'The surface reflects 4

of these, so 50 units are absorbed at the surface to

cause warming, -evaporation of water, and melting

of snow and ice.'
To a high degree of approximation-' the rate of

energy output from the earth-atmosphere system

;4""i; the rate of input; thus the.70 units,of solar

"n"tgy 
absorbed by the earth and atmosphere are

"u"nTuuffy 
reradiaied to outer space'a The overall

,"rnp"tu,,r." of the earth-atmosphere system (the

nlanetary temperature) is about 253 K (-20 'C)

iMiii"r 
"t 

ut. iqss), so this radiation is at a much

lRecent measurements and analyses suggest th-at the ̂energy out-

il;iil;;uri", ubout 1 pertent over an 80- to 90-vear cvcle

Reid 1987).

2A detailed model for estirnating the daily clear-sky solar radia-

tir" it"io"tt on a sloping portio"n of the earth's surface is devel-

oped in APPendix E.
i{;;; ;J;"t.h (Cess et al. 1995) stronglv suggests. that clouds

Jr"iU fs units oi radiant energy, ratheithan^4' This would re-

Or"" in" 
"-.tnt 

absorbed at tlhl surface to 39 units and com-

-"*tt"t"fy reduce the transfer from the surface to the

almosphere.
*fft"." ir reason to believe that the earth-atmosphere.system rs

warmins. Althoush this warming could be climatologically and

;;;'d.A;;iil;Gliin."', (-see seition 3'2'e)'it represents onlv a
nlsfisibiv small iraction of the total energy budget and thus can

u.igfi".Jo for purposes of energy-budget analysis'
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ll,tl$il;3t', enersv barance or the earth-atr9:tl:"^:ll9::)lTli::i*l:iiil*'*ilii:tJ,tgffiiftl "*
equars the sorar constant, 136iw ;-r. ModiJied t*r ln'uirrr*o,in tr ggr l; data lrom Peixoto and Oort (1 992)'

Ocean
and
land

Wavelength (Pm)

FIGURE 3-3
bpt.t" of incoming solar and outgoing terrestrial radiation

o[ttrO on arithmetic scales' Compare Figure 3-1' After Barry

and ChorleY (1982).

to as terrestrial or longwave radiation' As shown m

;;;p;;t portion of Figure 3-1,, many naturally oc-

;;;td; uni hu.un-introduced gases stron-gly ab-

;;ilGd*"ve radiation, so that 14 of the 20 units

t"all"a UV the surface are absorbed to heat the at-

-"tpft"t". fne absorption of this energy is called

tft"-it""nftouse effeci; the most important "green-

house gases" are water vapor (which accounts for

6i"2" of"the absorption)' tuibon dioxide (33%)' and

m"than", nitrous bxide, ozone, and chlorinated fluo-

rocarbons (2% combined)'
The components of ihe atmosphere also radi-

ate energy in all directions' The net effect of the ex-

change Ji radiant energy between the surface and

ti" u't-o.pftere is the*upward transfer of the 20

;;tr. ;i 
"n"rgy, 

of which 6 are radiated directly to

outer space.
Th; transfer of latent heat via evaporation

(mostly from the oceans) adds another 24 units of

"n".gy 
to the atmosphere; this is the largest source

of at"mospheric energy' Sensible heat transfer (con-

bo
o

b_
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Box 3'2

Energy-Balance moiri ot e.rfit-iu,t ce Temperature

This model is a modification of the one described by
Harte (1985). Harte (1985) shows that it is appropriate,
given the physics of radiation, to divide the earth's at-
mosphere into a lower layer (extending to an altitude of
1.8 km and containing 20Vo of the air and 50% of the
water vapor), which is the major absorber of the terres-
trial radiation and an upper layer (containing 8070 of the
air and 500/o of the water). The model is developed by
formulating three energy-balance equations: (1) one for
the earth-atmosphere system as a whole; (2) one for the
upper layer of the atmosphere; and (3) one for the lower
layer of the atmosphere. All the energy terms are ex-
pressed as long{erm average fluxes [E T-1], all tempera-
tures are absolute, all emissivities are equalto 1, and it is
assumed that each of these systems is in equilibrium.

Energy enters the earth-atmosphere system from
above at the rate S and from below at the rate l,/(which
represents the heat generated from nuclear and fossil
fuels). Energy leaves the system by three routes: ('l) re-
flected solar radiation; (2) thermal radiation from the top
of the atmosphere; and (3) the portion of thermal radia-
tion from the surface that is not absorbed in the atmos-
phere, (1 - f\ . o . Tro . A, where f is the fraction of
surface radiation absorbed in the atmosphere, o is the
Stefan-Boltmann constant, / is the area of the earth,

and I, is the surface temperature (absolute). Thus the
energy balance for the system is

S + W : a p . S + o . T j . A

+  ( 1  -  f ) . o . T ! . A , (382-1)

where ao is the planetary albedo and I, is the absolute
temperature of the upper atmospheric layer.

The upper atmospheric layer absorbs a fraction ku
of the solar radiation that strikes it, and it also receives
(1) energy radiated upward from the lower layer and (2)
one-half the latent heat that accompanies evaporation
from the surface (because this layer holds one-half the
atmospheric water vapor). The upper layer loses energy
by thermal radiation upward to outer space and down-
ward to the lower layer. Thus the energy balance for the
upper layer is

k , . s  +  o  . T l .  /  +  0 . 5  .  Q , :  2 .  o .  T | .  A ,
(382-21

where 7i is the absolute temperature of the lower layer
and Q is the latent-heat flux from the surface.

Energy enters the lower atmospheric layer from
above by the absorption of a fraction k1 of the solar radi-
ation that enters it and by thermal radiation from the

tation is tilted at an angle of 23.5" to the orbital
plane (Figure 3-5); the seasons are in fact caused by
the contrasts in solar radiation receipt as the north-
ern and southern hemispheres are alternately tilted
toward (summer) and away from (winter) the sun.s
Figure 3-6 quantifies the seasonal and latitudinal
variations of solar radiation incident at the top of
the atmosphere.

5The orbital tilt is known to vary between 22.7" and 24.3",with a
periodicity of about 40,000 yr. This variability and other periodic
fluctuations in the geometry of the earth's orbit affect the
amount of solar radiation received seasonally in the two hemi-
spheres over time. It is now widely accepted that these orbital
variations controlled the timing of the glacial and interglacial pe-
riods of at least the last ice age (Hays et al.1976; Lamb 1982).

The top curve of Figure 3-7 shows the differ-
ence between solar radiation received and the ter-
restrial radiation emitted at each latitude. The net
radiation balance is positive for latitudes below
about 35o and negative poleward of that. Because
total energy inputs and outputs must be in balance
at all latitudes, there is a net poleward transfer of
energy from the regions of surplus to those of
deficit;the magnitude of this transfer is indicated by
the total flux curve in the lower part of Figure 3-7.

This poleward, or meridional, energy transfer is
accomplished by air and ocean currents. Roughly
two-thirds of the total transfer occurs as sensible-
and latent-heat transfer in the atmosphere and one-
third as sensible-heat transfer in the oceans; the lat-
itudinal importance of these modes is also indicated
in the lower part of Figure 3-7.
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FIGURE 3.4
Variation of solar radiation intensity ([E Lr T-ll) with angle of incidence. At higher angles (higher latitudes), a
given energy flux is spread over a larger area. From Day and Sternes (1970), used with permission.

pheric pressures at the surface, and those of descent
by high pressures. Maps of average sea-level pres-
sures (Figure 3-10) generally confirm these expecta-
tions, though the zones of high and low pressure
actually occur as cells rather than continuous belts.

Horizontal pressure gradients are the basic dri-
ving force for winds, and the resultant of these pres-
sure forces with forces produced by the motion
itself (centrifugal forces, the Coriolis effect due to
the earth's rotation, and friction) produces surface
winds that move approximately parallel to the iso-
bars, but with a tendency to spiral inward toward
low-pressure centers and outward from high-pres-
sure centers. In the northern hemisphere, the sense
of circulation is clockwise around highs (anticy-
clonic circulation) and counterclockwise around
lows (cyclonic circulation) (Figure 3-11); the circu-
lations are in the opposite senses in the southern
hemisphere.

The subtropical high-pressure zone exists as
cells over the Pacific and Atlantic Oceans; these
cells are especially well defined in the summer, and

occur farther to the north in the summer than in the
winter. Winds are moving clockwise around these
highs, so the coastal areas of southwestern North
America and Europe are subject to dry, cool
northerly winds in the summer. Conversely, the
southeastern united States, Hawaii, the Philippines,
and southeast Asia are subject to warm, moist
winds from the tropics and have warm, humid sum-
mers with frequent rain.

The subpolar low-pressure zone occurs as cells
over the northern Pacific and Atlantic, which are es-
pecially evident in winter. These cells, called the
Aleutian low (Pacific) and Icelandic low (Atlantic),
are "centers of action", where major mid-latitude
cyclonic storms develop their greatest intensities.

Figure 3-12 shows the global distribution of
mean temperature in January and July. Clearly, this
distribution is strongly related to latitude and hence
to the average receipt of solar radiation, but it is
modified by the distribution of the continents and
oceans. Because of water's very high heat capacity
(Section 8.2.4), the annual temperature range of
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FIGURE 3.6
Daily total receipt of solar radiation (MJ m4) at the top of the atmosphere as a function of latitude
and time of year, From The Physics of Ctimate, by J.P. Peixoto and A.H. Oort @ 1992, used with
permission of the American Institute of Physics.

the oceans is much less than that of the continents.
This is reflected in the equatorward dip of the
isotherms over the ocean in summer (oceans cooler
than land), and the poleward dip in winter (oceans
warmer than land).

The very cold winter temperatures in the cen-
ters of the North American and Asiatic land masses
are due to radiational cooling and distance from the
relatively warm oceans; these low temperatures
produce cells of high density and high pressure.

[See Equation (D-5).] The situation is reversed in
summer, when extensive radiational heating occurs,

and these continents are then sites of generally low
pressure. Note particularly the summertime trough
of low pressure over southern Asia; winds associat-
ed with this trough carry the monsoon rains on
which the agricultural economy of this vast and
populous region depends.

3.1.4 Teleconnections: El Nifio and the Southern
0scillation

A teleconnection is a climatic anomaly that is a dis-
tant consequence of another climatic anomaly. In
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Mean positions of
subtropical jets

FIGURE 3-8
The general circulation of the atmosphere. Double-headed arrows in cross section indicate that the wind has a component
from the east. Reprinted with permission of Prentice-Hall from Elements of Meteorology,4th ed., by Miller et al. @ 1984 by
Bell & Howell Co.

in the eastern Pacific and the opposite pressure
anomalies.

The typical ENSO warm episode evolves and
declines over an approximately two-year period
(Harrison and Larkin 1998). It begins in the late
spring to fall of year 1 with abnormally strong
westerly winds in the equatorial Indian Ocean, low
pressures in eastern Australia, and warming SSTs
in the South Pacific. As winter progresses, a
tongue of abnormally warm water forms off the
coast of Peru; this intensifies and builds westward
along the equator during the spring and summer of
year 2. The peak of the cycle usually occurs be-
tween July and December of year 2, with abnor-
mally high SSTs extending westward to the
International Date Line. These are accompanied
by abnormal westerly winds and strong conver-
gence along the equator, high pressures and low-
ered sea levels in the western Pacific and

Mean positions of
subtropical jets

Indonesia, and low pressures and elevated sea lev-
els in the eastern Pacific. A pool of abnormally
cold water and enhanced westerly winds also oc-
curs near latitude 45' in the North Paciflc. The de-
clining phase typically begins in January to April
of year 3, when the equatorial pool of high SSTs
begins to shrink, and most of the SST, wind, and
pressure anomalies dissipate by the end of the
summer of year 3.

There is considerable evidence that ENSO is
an inherently oscillatory phenomenon that requires
no outside forcing. The end of an ENSO episode
begins when the eastward waves of warm water
are reflected off South America and, in a complicat-
ed process that involves poleward circulation of
the reflected westward-moving surface water and
atmospheric processes, the SST returns to its origi-
nal levels and the easterly trade-wind flow is re-es-
tablished (Enfield 1989). Continued cooling of SSTs
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FIGURE 3-10
Normalsea-level pressures (mb)in the northern hemisphere in (a)January and (b)July.  Reprinted with permis-
sionof Prent ice-Hal l f rom Elementsof Meteorology,4thed",byMil ler etal .@1984 byBel l&Howel lCo.

3.2 THE GLOBAL HYDROLOGIC CYGLE
3.2.1 Stocks and Fluxes in lhe Global Cycle

Figure 3-15 is a snapshot of the global hydrologic
cycle in action.This "cycle" is actually a complex web
of continual flows, or fluxes, of water among the

oThe proportion of the earth's water in glaciers was, of course,
considerably larger as recently as 18,000 years ago, when the last
glaciation was at its peak and the total volume of glacier ice was

major "reservoirs", or stocks of water (Figure 3-16).
The sun provides the energy that causes evaporation
and mixes water vapor in the atmosphere and there-
by drives the cycle against the pull of gravity.

As is shown in Tables 3-1 and 3-2 and Figurc
3-I7,96.5"/" of the water on earth is in the oceans.
Of the fresh water. 69"/" is in solid form in glaciers'

about three times its present value; at other periods of earth hi'
tory there were no glaciers.
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FIGURE 3.11
Arrows show general directions of surface winds in (a) anticy'
clonic circulation (around high-pressure cells) and (b) cy-
clonic circulation (around low-pressure cells) in the northern
hemisphere. Solid lines are isobars: lines ol equal atmospher-
ic pressure. Circulations in the southern hemisphere are re-
versed (i.e., circulation around cyclones is clockwise).

mechanisms in Section D.5.) Thus the general cir-
culation (Figure 3-8) produces belts of relatively
high precipitation near the equator and 60' lati-
tude, and relatively low precipitation near 30o,
where most of the world's great deserts occur (Fig-
ure 3-1"8).

The equatorial belt of high precipitation is es-
pecially pronounced because warm easterly winds
from both hemispheres carrying large amounts of
moisture evaporated from tropical oceans converge
in this zone; this phenomenon is called the in-
tertropical convergence zone (ITCZ). The peaks
of precipitation coincident with the mid-latitude
zone of rising air are produced mainly by extra-
tropical cyclonic storms that tend to develop along
the polar front.

Because precipitation rates are influenced by
topography, air temperatures, frontal activity, and
wind directions in relation to moisture sourceq
global precipitation patterns (Figure 3-19) show
significant deviations from the general latitudinal
distribution depicted in Figure 3-18. The major
causes of these deviations are mountain ranges,
such as the Rocky Mountain-Andean chain, the
Alps, and the Himalayas. These ranges induce high
rates of precipitation in their immediate vicinity
and, typically, produce "rain-shadow" zones of re-
duced precipitation over large areas leeward of the

prevailing winds. Note, for example, the dry zone in
the Great Plains of North America extending from
latitude 20" to above latitude 60o, and the effects of
the Himalayas in blocking moisture-laden winds
from reaching the interior of Asia.

The seasonal distribution of precipitation, in-
cluding its occurrence in the form of rain or snow,
has important hydrologic implications and, as is dis-
cussed in Section 3.3, signiflcant impacts on soil for-
mation and vegetation. Figure 3-20 shows the
global distribution of seven general precipitation
regimes. The reversal of circulation associated with
the development of winter high pressure and sum-
mer low pressure over the huge land mass of Asia
interacts with the topography and the migration of
thelTCZto produce a particularly strong seasonal-
ity of precipitation in much of Asia and Africa; this
is the monsoon.

Figure 3-21 shows the global distribution of
perennial and seasonal snow and ice. Note that vir-
tually all the land above 40o north latitude has a
seasonal snow cover of significant duration; in the
southern hemisphere, snow occurs only in moun-
tainous areas and Antarctica.

Snow has important climatic effects, helping to
maintain colder temperatures (1) by reflecting
much of the incoming solar energy (see Table D-2),
and (2) in melting, by absorbing energy that would
otherwise contribute to warming the near-surface
environment. During the ice ages, the reflection of
solar radiation by ice and snow was an important
feed-back effect that contributed to creating and
maintaining a colder climate. Under present condi-
tions, the surface cooling induced by snow has pro-
found effects on surface and air temperatureg
global circulation patterns and storm tracks, and
precipitation (Berry 1981";Walsh 1984; Barnett et al.
1,988;Leathers and Robinson 1993; Groisman et al.
1994). A number of studies (Dey and Kumar 1983;
Dickson 1984) have shown an inverse relation be-
tween the extent of winter snow cover in Eurasia
and the amount of rainfall in India during the ensu-
ing summer monsoon (Figure3-22).

Snow also acts as an insulating blanket that
helps to retain heat in the soil, which is important
hydrologically as well as biologically: if soil is pre-
vented from freezing, its ability to accept infiltrat-
ing water is generally enhanced (Dingman i975).
However, the principal hydrologic effect of snow is
to delay the input of precipitated water into the
land phase of the hydrologic cycle and thus to af-
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FIGURE 3-13
Typical climatic anomalies associated with the warm (El Nifro) phase of ENSO. (a) winter (December-February); (b) summer
(June-August). From U.S. National Atmospheric and Oceanographic Administration Climate Prediction Center website
http//nic.f b4.noaa.gov/products/analysis_mon (1 998).
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FIGURE 3.15
The global hydrologic cycle in ac-
tion. Photo courtesy of U'S. Na-
tional Aeronautics and SPace
Agency. From NASNScience
Sou rce/Photo Researche rs' I nc.
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*Fresh water only tlncludes permatrost

FIGURE 3.16
schematic diagram 0f stocks and annual fluxes in the global hydrologic cycle' Based on data of

Shiktomanov alnd Sokolou (1983) (Table 3-1). lnflows and outflows may not balance for all com-

partments due to rounding.
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Relative volumes of water in oceans, glaciers, fresh water, and atmosphere.

FIGURE 3.18
Latitudinal distribution of average
precipitation rate. From Barry and
Chorley (1982).
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FIGURE 3-22
Summer monsoon rainfall in
India and preceding winter snow-
cover in the HimalaYas for
1971-1980. From Walsh (1984)
used with permission of Sigma
Xi, the Scientific Research Soci-
etv.
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The latitudinal distribution of evapotranspira-
tion is also influenced by the latitudinal distribution
of land and oceans and of land precipitation. In
lower to middle latitudes more water evaporates
from the oceans, where precipitation does not limit
the availabitity of water, than from the continents.

The slight oceanic minimum at the equator is due

to the generally lower winds and high humidity in

this zone. For the continents, the equatorial peak is

due to large heat inputs and high water availability'
The minor mid-latitude peaks reflect strong prevail-

ing westerly winds and elevated water availability

FIGURE 3.23
Latitudinal distribution of average
annual evaporation from the
oceans, evapotransPiration f rom
the continents, and globallY aver-
aged evapotransPiration. From
Barry and Chcirley (1982).
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in that season (more than 80%,50 to 80%, or less

than 50%). In most areas that have a seasonal snow

cover or are glacieized, the maximum runoff oc-

curs in the melt season: summer in arctic, subarctic,

and alpine regions, and spring at lower latitudes'

A summer maximum also occurs in regions with

monsoonal climates, such as India and southeast
Asia, and other areas with summer precipitation

maximums (Figure 3-20). Fall and winter runoff

maxima are also directly related to concurrent rain-

fall maxima.

3.2.5 Continental Water Balances

It is clear from Figures 3-19, 3-24, and 3-25 that the

components of the hydrologic cycle vary consider-

ably in magnitude over the continents. As shown in

Table 3-3, South America is by far the wettest conti-

nent in terms of both precipitation and runoff per

unit area; Antarctica is the driest in terms of precip-

itation, and Australia has by far the lowest runoff

per unit area.

3.2.6 Maior Rivets and Lakes

Rivers are the major routes by which "surplus"
water on the continents returns to the oceans; the

rate of direct runoff of ground water to the oceans

is not well established, but is small compared to

river flows (Table 3-1). Table 3-4 shows the average

discharges and drainage areas of the 16 largest

rivers (ranked by discharge); Figure 3-27 shows

TABLE 3-3
Water Balances of the Continents'

their locations. Together, these rivers drain 22'9"/o

of the world's land area and contribute 32'8"/" of

the total runoff to the oceans; the Amazon River

alone deliverc !3o/o of the total runoff' Note that

only rivers draining directly to the ocean are includ-

ed in Table 3-4;there are tributaries of the Amazon

that have larger discharges than many of the rivers

listed.
From the point of view of the global hydrologic

cycle, lakes are simply wide places in rivers' The main

hydrologic functions of natural and man-made lakes

aie (1) to provide storage that reduces the time vari-

abiliiy of flow in the rivers that drain them (Figure 2-

8) and (2) to increase evaporation by providing large

evaporating surfaces. However, on a global scale' the

evaporation from lakes and wetlands is small'

amounting to only about 3olo of the total land evapo-

transpirati,on (L'vovich 1974). lt should also be

noted that lakes play important roles with respect to

sediment transport (discussed in the following sec-

tion), temporaiily storing particulate sediment and

providingiites for the chemical precipitation and bi-

ological uptake of dissolved materials.
fuUf" 3-5 lists the world's 25 largest natural

lakes (ranked by area), and Figure 3-27 shows their

locations.

3.2.7 MatetialTtansPort bY Riverc

In addition to their role in the global water cycle,

rivers are the means by which the products of conti-

nental weathering are carried to the oceans' Thus

Evapotranspiration RunoffPrecipitation

Continent Area (106 km2) (kmr yar) (mm yr-r) (krn3 yr-l) (mm yr-r) (km3 yal) (mm Yr-r)

Europe
Asia
Africa
Australiau
North America
South America
Antarctica
Total landb

10.0
44.I
29.8

/ .o
24.1,
17.9
1.4.1

148.9

6,600
30,700
20,700
1 400

15,600
28,000
2,400

111.100"

657
696
695
M7
645

t,564
t69
746

3,800
18,500
17,300
3,200
9,700

16,900
400

71,400

2,800
12,200
1 400

200
5 AO0

11,100
2,000

39,700"

282
276
11,4
27

242
618
L41
266

375
420
582
420
403
946
28

480

oNot including New Zealand and adjacent islands.

blncluding New Zealand and adjacent islands.

"Estimate differs from that ofTable 3-2.

Data fron Baumgartner and Reichel (1975)
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FIGURE 3-28
Processes controlling the chem-
istry of world rivers, according to
Gibbs (1970).
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due to widespread soluble rocks, especially lime-

stones. The very high loads of the Irrawaddy River

in Southeast Asia ald those on New Guinea are
produced by a combination of readily weathered
rocks, high rates of weathering due to high temper-
atures and precipitation, and high discharges. The
presence of crystalline rocks with low solubilities in

much of Africa and Australia gives rise to generally

low dissolved loads on those continents.

Particulate Material

The natural rate of erosion of particulate material
is determined by climate, rock type, topography,
tectonic activity, and vegetation. However, it ap-
pears that human activity has doubled global sedi-

ment transport in historic times (Milliman and

CaHCO, Composition -------->

and Mozzherin (L984) have related sediment yie

to vegetation, after first classifying rivers with

spect to topography and size (Figure 3-30)'

vesetative zones can be generally related to

matic factors, as discussed in Section 3-3.2'

that, outside of glacierized regions, the hi

Syvitski 1992). Thus all these factors, plus the ef-

fects of lakes and reservoirs acting as sedimenl

traps (also greatly increased by humans; see Voriie'

marty et al. L993), affect the global patterns of par'

ticulate-sediment yield and make it difficult
generalize about these patterns. However, Ded

yields tend to occur in "Mediterranean" clim

where vegetation is sparse because annual rai

is low but the rain is concentrated in a few mon

of the year. In another global survey that included

smallei streams, Milliman and Syvitski $9nl
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(a) PLAINS
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FIGURE 3.30
Relat ionbetweenpart iculate-sedimentyieldsandvegetat ion,asp-roposedbyDedkovandMozzherin(1984) Theboundarybe-

tween "small" and "large" rivers is at a drainage area ot 5000 km2. From Walling and Webb (1987)'
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found that sediment yields ranged from 1.2 to
36,000 T km' yr-1 and were positively related to
drainage area, maximum drainage-basin elevation,
and runoff.

Figure 3-31" shows the global distribution of
particulate-sediment yields. The highest yields are
in areas with seasonal-rainfall climates (Figure
3-20) coupled with active mountain building (India)
or highly erodible soils (China);high yields are also
associated with mountain belts in Alaska, the
Andes, and the western Mediterranean region, Mil-
liman and Syvitski (1992) found the highest yields
in Thiwan, the Philippines, and New Zealand, where
human activity also plays a significant role in sedi-
ment production. The areas of lowest yields (out-
side of deserts) are in northern North America and
Eurasia, equatorial Africa, and eastern Australia,
where low relief is coupled with resistant rocks
and/or extensive vegetative cover.

Dedkov and Mozzherin (1984) estimated that
bed load averages about 8% of the total particulate
Ioad in large plains rivers and 23"/o in large moun-
tain rivers, but these values are highly variable and
uncertain.

Total Material Transport to the Oceans

Walling and Webb (1987) estimated that the total
load of dissolved plus particulate material to the
oceans is 77.2 x 10e T yr-l. When allowance is made
for the amount of sediment being trapped in reser-
voirs, the total rate of sediment movement is be-

TABLE 3.7
Estimated Sediment Loads and Yields by Continent.

tween 19.0 x 10e T yr-1 and 20.0 x 10e T yr-l, of
which about 80"/" is particulate and 20% is dis-
solved. Under the assumption of an average rock
density of 2500 kg m-', this total sediment yield rep
resents the removal of 7.8 x 10e m3 yrr (about 0.05
mm yr*1 worldwide). However, it is not clear how
well this value reflects natural erosion rates.Tiimble
(1975) cautioned that agriculture and other human
activities may have greatly accelerated erosion, and
that sediment yields could be as little as 57o of ero-
sion rates due to the storage of particulates as collu-
vial and alluvial sediment. Glasby (1988) cited
estimates that the total sediment yield before
human intervention was about one-half the present
value.

Table 3-7 shows estimates of dissolved and par-
ticulate sediment loads and yields for the conti-
nents. Interestingly, Oceania and the Pacific Islands
have the highest particulate and total yields. Eu-
rope has the highest dissolved yield; it is the only
continent in which the dissolved load exceeds the
particulate load. Africa has the lowest particulatg
dissolved, and total sediment yields due to its gen-
erally low reliet widespread resistant rocks, and ex-
tensive desert areas.

3.2.8 Your Role in the Global Hydrologic Cycle

Western culture tends to view human beings as sep
arate from nature. While we may recognize that we
are connected in an ecological sense to the rest of
the world-that we depend upon it to supply the

Particulate Dissolved Total

Load .

Continent (106Tyr-1)
Yield

(T y.l km-2)
Load

(1"06T yr-l)
Yield

(Ty.l km-2)
Load

(106 T yr-r)
Yield

(T yv-r 1--z;

Africa
Asia
Europe
North and

Central
America

Oceania and
Pacific
Islandsu

South
America

530
6,433

230
L,462

35
229
50
84

589

48
286
1,42
727

645

134

13
57
92
43

56

34

201
I <O',)

425
758

293

603

t 3 l

8,052
655

2,220

2,391,

3,062

1,788 100

' Includes Australia and the large Pacific Islands.

Data from Walling and Webb (1987).
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1935 t940 1945 1950 1955 1960t93rFIGURE 3-32
Standardized regional variati0ns
in streamflow for the United
States for 1931-1960. From
Busby (1963).
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series of river discharge show considerable synchro-

nism over the United States (Figure 3-32) and at

larger scales (Figures 3-33 and 3-34), reflecting

large-scale and fairly persistent climatic patterns'

Climate-related persistence is evident in the

records of large rivers with long records' The

t940 1945 1950 1955 1960

longest streamflow record in the world is that

the\ile River, for which information is availa

Riehl and Meitin (1979) found three contrasting

patterns of variability in this record; (1) from 5?2

io about 950, periods of high flow alternated witl

fuom 622 to 1520 and from 1700 to the presenl
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1900 1950

1800 1850 1900 1950 2000

FIGURE 3.33
wet and dry periods in historical streamflow records for b0 maior rivers of the world. From Probst and Tardy (1987), used with

permission.
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Richey et al. (1989) examined the discharge
record of the Amazon which, as we have seen
(Table 3-4), contributes some 13o/o of" the total glob-
al runoff.They could find no indication of climate or
land-use change over the period of record,
1903-l-985. However, they did find a two- to three-
year period of declining flow following the warm
phase of the ENSO cycle; periods of high flow were
coincident with the ENSO cold phase.

Future Climate Change and WaEr nesources

Box 3-3 summarizes documented recent large-scale
and global changes in the hydrologic cycle, and
Loaiciga et al. (1996) review the findings and limita-
tions of predictions of hydrologic responses to glob-
al warming.

Recent results from models of the global gen-
eral circulation indicate that projected increases in
the CO2 concentration will produce a globally av-
eraged temperature increase of from 1 to 5 C", with
the largest increases at high latitudes (Figure 3-35).
These warmer surface temperatures will tend to
increase evapotranspiration and the amount of
water vapor in the atmosphere, intensifying the
hydrologic cycle and increasing global precipita-
tion by from 3% to 1'5Y" (Mitchell 1989; Loaiciga
et al. 1996). The models predict generally lower
precipitation at latitudes below 30' and higher pre-
cipitation in the mid-latitudes (Figure 3-36);inter-
estingly, the patterns reported in Box 3-3 are
generally consistent with those predicted by the
general-circulation models. One can also infer that
the higher temperatures will reduce the extent of
snow cover, affecting the seasonality of streamflow
at latitudes above 40o N. As is noted in Box 3-3,
studies have docum-ented recent snowpack reduc-
tions.

Experiments indicate that higher CO2 concen-
trations tend to reduce water use by plants (Lemon
1983), and this could offset increases in evapotran-
spiration from land surfaces that are due to the
temperature effect. Thus one plausible scenario is
that evaporation from the oceans will increase,
while land evapotranspiration will change little or
perhaps even decrease. Interestingly, evaporation
from measurement pans in the United States and
former Soviet Union has been declining since about
1950 (Box 3-3).

Changes in long-term average runoff can be es-
timated from changes in precipitation and evapo-

transpiration via the water-balance equation
(Equation 2-15). Using historical data, Karl and
Riebsame (1989) examined the sensitivity of
streamflow in the United States to changes in tem-
perature and precipitation. They concluded that 1-
to 2-C" temperature changes typically have little ef-
fect on streamflow, whereas a given relative changg
in precipitation is amplified to a one- to six-fold
change in relative streamflow.

These conclusions are generally consistent with
the findings of Wigley and Jones (1985), who, on thc
basis of studies with the simple model described in
Box 3-4, concluded the following:

1. Changes in runoff are everywhere more
sensitive to changes in precipitation than to
changes in evapotranspiration (i'e.,
\ql0p > \ql0e).10

2. The relative change in runoff is always
greater than the relative change in precipi-
tat ion( i .e. ,q > p).

3. Runoff is most sensitive to climatic changes
in arid and semi-arid regions, where the
runoff ratio,w,is small (Table 3-5).

4. The relative change in runoff exceeds the
relative change in evapotranspiration (i.e.,
q > e) only in regions where u < 0.5-

One set of results from Wigley and Jones (1
is shown in Figure 3-37; other results can be
ated by using the model in Box 3-4 (Exercise 3-1
Wigley and Jones (1985) concluded that,
one might expect "very large" increases in
runoff in response to the predicted warming' un
there is a compensatingly large increase in
evapotranspiration.

Box 3-5 describes another simple water
ance approach for estimating the effects of cli

changes or land-use changes on the global

logic cycle. This model can be used to explore
effects of an increase in ocean evaporation that
companies no change (or a decrease) in land
transpiration. Completion of Exercise 3-12 su
that a given percentage increase in ocean e

tion (e.g., 6%) gives rise to a smaller relative

crease in land precipitation (3.4%) and a la

relative increase in runoff (8%).

losymbols are defined in Box 3-4
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V^=.5Q,

il:|f:l-,lflrtion or changes in surface remperarure due to a doubting of c02 as proiected bv one model'.(a) December--

February average; (b) June-August average. Contours;il t C;; iil ' iate" + Ci are stippteO' From Mitchell ('1989)' used wi[t

permission of the American Geophysical Union'

increase will probably lead to even greater rerl

irr"r"u.". in runoff. More detailed studies in

mid-latitudes predicted that global warmlng

i""J ," shorter winters, reduced snowpacks

snowmelt runoff, larger winter floods' drier

Even though the models in Boxes 3-4 and 3-5

are extremety iimple, they give results that are in

general agreement with those of very complex gen-

Eral-circulation models: the higher surface tempera-

tures will increase gtobal precipitation [in the range

of from 3"/o to tti" (Wigtey and Jones 1985)]; this

E

mers, and increased temporal variability' In
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ance (Figure 3-2).The magnitude, and even the di-

rection, of the change in evapotranspiration is diffi-
cult to assess because many factors are involved
besides the direct responses to higher temperatures
and increased CO2, including changes in length of
growing season, in area of plant cover' in plant

species, in wind speed, and in cloudiness' Uncertain-
ty is increased because there is considerable feed-
back: Modeling . studies show that land
evapotranspiration can strongly influence global
temperature and precipitation (Shukla and Mintz
1982; Loaiciga et al. 1996).

Some of the intricate complexities of the global

hydrologic cycle that further confound predictions
can be appreciated in the modeling studies de-

scribed by Eagleson (1986). In these studies, a gen-

eral-circulation model of the earth was used to
"traee" the water vapor introduced into the atmos-
phere in a one-day pulse of evapotranspiration
from selected regions (rectangles of 8'latitude by
10' longitude), to see where it fell as precipitation
over the subsequent two months. The results for
three cases are shown in Figure 3-38. These cases

suggest that deforestation of the Amazon will

its greatest effect on precipitation in South An
(Figure 3-38a), that deforestation in Southeast
could affect precipitation over much of the n

ern hemisphere (Figure 3-38b), and that drainage

huge wetlands in the Sudan could affect precipi

tion over much of Africa and Europe (Figure

38c).
Thus we see that the large-scale land-

changes currently taking place could interact
changes due to global warming, perhaps reinf
them in some areas and weakening them in ot

Clearly there is much to learn about the global

drologic cycle and its complex feedbacks t

human activities, and there are many potenti

fruitful avenues of study. Eagleson's (1986) s

ry comments are an apt conclusion for this
overview of our current understanding:

Because of humanity's sheer numbers and its

creasing capacity to affect large regions, the

logic cycle is being altered on a global scale

Box 3-4

Model for Estimating Effects of Climatic Ghange on Runotf

Following Wigley and Jones (1985), we begin with the
water-balance equation for a drainage basin [Equation
(2-16)l:

and

E\: e' ETo, (384-5)

where subscript 0 indicates present values and subscript
1 indicates the new values, Combining Equations (384-

1)-(384-5), we can write
A :  P -  E T , (384-1)

where 0, P, and ET are longterm average values of
runoff, precipitation, and evapotranspiration' respective-
ly. Designating the runotf ratio, defined in Table 3-4, as
uv, we have

Q: w.p (gB4-2)

and

ET : (1 - w)'P. (384-3)

Now suppose a change in climate causes both precipita-

tion and evapotranspiration to change by the relative
amounts p and e, respectively, so that

al P1 - ET1
n : -'  o o  P o - E T o

_ p . P o - ( - w ) ' e ' P o
Po -  (1  -  w ) 'Po

p - ( 1  - w ) ' e
(384-6)

P, : p.Ps (384-4)

W

Equation (384-6) gives the relative change in runofi

as a function of the present runotf ratio and the relative

changes in precipitation and evapotranspiration. Table 3-

4 gives values of tvfor the world's largest rivers, and Ex-

ercise 3-13 gives you an opportunity to experiment witt

Equation (384-6).

consequences for the human life support
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Box 3-5

Global Water-Balance Model

Following Harte (1985), we formulate a simplified model

based on the global water balance depicted in Figure

3-1 6 and Table 3-1. This model can be used to evaluate

the etfects of changes in evapotranspiration from land

and evaporation from the oceans on other flows and

stocks. ihese changes might be due to alterations of cli-

mate (as discussed in the text) or of land use (deforesta-

tion would reduce evapotranspiration from the land')

To develop this model, we define the following terms:

p -

D _I  L -
D -

Q =
r

E _
L L -

E _
LLS -

ULL -

E _
L S -

LSS -

Est= rate of evapotranspiration from sea of water

that falls as precipitation on the land'

All the above quantities have dimensions [13 T-1] and

represent long-term average flux rates'
We can write the following water-balance equations'

For the sea,

global preciPitation rate;
rate of Precipitation on land;
rate of Precipitation on sea;
rate of runotf from land to sea;
global evaPotransPiration rate;

rate of evapotranspiration from land;

rate of evapotranspiration from land of

water that falls as precipitation on the sea;

rate of evapotranspiration from land of

water that falls as precipitation on the land;

rate of evapotranspiration from sea;

rate of evapotranspiration from sea of water

that falls as precipitation on the sea;

Ps =.Ess + Es - 0; (385-1)

for the land,

Pt: Ets + ELL+ 8' (385-2)

The flux of water from land to sea must balance that

from sea to land, so

A * EE: EsL, (385-3)

and it also must be true from the above definitions that

Pt: Eu * Est (385-4)

an0

P5: E1s + Fss. (385-5)

Taking values of Ps, Pt, and 0 as given in Figure

3-16, we.an utt the above relations and one additional

,qruiion to compute the values of the remaining water

balance components under present conditions' The addi-

tional equation required expresses the ratio of land

evapotranspiration (EJ that subsequently falls as precip-

itat'ron on land (Erd to that which falls on the sea (E'i-

that is, the value of k in

Eu: k'Ets' (385-6)

The value of k is not known very precisely (but note

the discussion in the text of climatic models that attempt

t0 trace the destination of water evaporated from por-

tions of the continents). Following Harte (1985)' we

will initially assume k = 3; Exercise 3-12 allows you

to investigate the consequences of assuming other

values.

effects of topography, and time, is one of the princi-

pal factors determining the nature of the soil at any

location.
The classification of soils is a complex topic'

one that we can explore only briefly in this text' A

widely accepted taionomic scheme defines 10 soil

orders 
"ou"iittg 

all the soils of the world; classiflca-

tion into these orders is based largely on the degree

of development of characteristic horizons that re-

sult from the operation of soil-forming processes

over time. A very general description of these

cal horizons is given in Figure 3-39, and the t

features characierizing the soils in each order

given in Table 3-9'
" Th" influence of climate on soil type inc

with the passage of time, reducing the influences

p^[tt materia-l and topograpn.'Ttt.*: Y*1i
o"", u reasonably strong relation between clim'
'"tJ 

t"if type on a global scale' This.is Sonfrmed
Table 3-9 and by Figure 3-40, which shows
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FIGURE 3-38
Shaded regions are places where
water evaporated in the black rec-
tangles during one day ultimately
fell as precipitation over the fol-
lowing two-month period, ac-
cording to a general-circulation
model. (a) Amazon basin in
March; (b) Southeast Asia in
March; (c) Sudan in January.
From Eagleson (1986), used with
oermission of the American Geo-
physical Union.
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Histosols are concentrated where more than 807o
of the growing season (defined as months with
average temperature > 10' C) has > 40 mm of
precipitation (Lottes and Ziegler 1994). The
largest zones of Histosols are north of latitude
50' N (Canada. Brit ish Isles).

Aridisols occur in desert regions, which are co

trated near 30" latitude. In South
however, the zone of Aridisols extends
ward from 30" in the rain shadow of the A

and in Asia these soils are found near 40" in
shadow of the Himalayas.
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IABLE 3-9
Brief characterization of the 1 0
world soil orders.

Order General Features

Entisols

Inceptisols

Histosols

Aridisols

Mollisols

Vertisols

Alfisols

Spodosols

Ultisols

Oxisols

Unconsolidated deposits with virtually no soil development

(e.g., recent alluvium, volcanic ash, desert sands)' Cover

8.3% ofworld land surface.
Usually moist soils with weak to moderate development of

horiions due to cold climate, waterlogging, andior lack of

time. Cover 8.9olo of world land surface'

Organic soils (peat and muck) consisting largely of plant

remains in bogs, marshes, and swamps' Cover 0'9% of

world land surface.
Usually dry soils with little organic matter; form in dry

climates. Cover 18.8% of world land surface'

Soils with deep organic horizon; usually associated with

grasslands and some broadleaf forests' Cover 8'6% of

world land surface.
Soils with deep organic horizon and high concentrations of

clay minerals that swell when wet and shrink when dried'

Form in climates with distinct wet and dry seasons'

Cover 1.8% of world land surface.

Soils with well-developed accumulation horizon and

sometimes a leached horizon' Form where precipitation

averages 500 to 1300 mm yr-t, usually under forests'

Cover 13.2"/o of world land surface'

Soils with well-developed organic, leached, and

accumulation horizons. Usually form in cool' wet climates

under forests. Cover 4.3o/o of world land surface'

Usually moist, extensively weathered soils with

well-developed leached and accumulation layers' Form in

humid tropical or subtropical climates under forest or sa-

vanna. Cover 5.6olo of world land surface'

Usually moist, excessively weathered soils consisting mostly

of clay minerals containing few mineral nutrients' Form in

humid tropical or subtropical areas' usually under hard-

wood forests. Cover 8.5% of world land surface'

Largely from Donahue et al. (1983).

Mollisols, which include some of the naturally most
productive and hence most widely cultivated
soils, occur in climates ranging from temperate
to cool and sepiarid to humid. They are con-
centrated in the grassland belts north of the

Aridisol belts of the northern hemisphere, and
are also found near 30' S in central South
America.

The development of Vertisols depends on the pres-

ence of clay minerals that swell when wet and

shrink when dry; hence, it is determined in part

by the nature of the parent material. However,
these soils are most commonly associated with
climates that experience a pronounced alterna-
tion of wet and drY seasons.

Alfisols are naturally fertile soils that occur in large

regions to the north of the Mollisols in the

northern hemisphere, as well as in several re-

gions between about 35'N and S. These a

have subhumid to humid climates and typi(

support grassland, savanna' or hard

forests.
Spodosols develop in well-drained sites in cool,

climates under hardwood and conifer for'

They are widespread in the northeastern Un

ed States and southeastern Canada and in

large belt north of 60' latitude in Scandi

and the former Soviet Union.
Most Ultisols are confined to within 20" of

equator, where climates are humid and

tropical or tropical and soil-forming proct

arJintense. There are also large areas of t

soils in the southeastern United States and

southeastern China.
The extensively-weathered Oxisols are confined

the tropical and subtropical rain forests on

b-
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IABLE 3-10
Biometypes.identifiedbyWhittaker(1975).NumberscorrespondtoFigure3-42.

Structural TYPes

Forest
Tiopical rain

forests (1)

Tiopical
seasonal
forests (2)

Temperate ratn
forests (3)

Temperate
deciduous
forests (4)

Temperate
evergreen
forests (5)

Taiga (6)

Woodland

Elfin woods (7)

Shrubland
Temperate

shrublands (11)

Grassland
Savanna (12)

Scrubland
Warm

semidesert
scrublands (17)

Cool
semideserts (18)

Arctic-alpine
semideserts (19)

Tiopical AlPine TemPerate

bioadleaf shrublands (14) grasslands (13)

woodlands (8)
Thornwoods (9) Tundra (L6) Alpine-

grasslands (15)

Temperate
woodlands (10)

Arctic-alpine
deserts (21)

uBiomes are realizations of biome types on particular continents'

10%). The occurrence of these structural types in

various climatic zones produces 21 major terrestrial

biological communities, called biome'types (Table

3-10). The global distribution of these biome-types

is summarized in Figure 3-4L.
Climate is the dominant control on the geo-

graphical distribution of plants (Woodward 1987)'

ind eactr biome-type is associated with a particular

range of mean annual temperature and mean annu-

al piecipitation (Figure 3-42).The exact mechanism

bywhich climate affects vegetation typg-is the ob-

iect of current research. Eagleson (1982) has devel-
"oped 

a theory in which climate, soil, and vegetative

type evolve synergistically: In drier climates, where

tle availabiliiy of water is limiting, the character of

the vegetative cover adjusts to maximize soil mois-

ture; in moist climates, where available radiant en-

ergy is limiting, there is an ecological pressure

toward maximization of biomass productivity' Re-

cent studies using hydrometeorologic models sug-

gest that vegetation type may be determined by the

balance between precipitation and evapotranspira-

tion, along with thermal controls on growth (Wood-

ward 1,98i). In North America, Currie and Paquin
(1987) found a high correlation between the num-

bers of tree species and average annual evapotran-

spiration, and Wilf et al' (1-998) documented a close

relation between average leaf area and mean annu-

al precipitation across a range of climates'

EXERCISES
Exercises marked with ** have been progra

in EXCEL on the CD that accompanies this

Exercises marked with * can advantageously be

ecuted on a spreadsheet, but you will have to

struct your own.

*3-1. Use the model described in Box 3-L to ex

Z, in terms of Z" and Parameters.

**3.3. In the model described in Box 3-2' the

house effect can be modeled by increasing the fr

and compare the sensitivity of planetary.tempera

(4) to.hung"t in (a) planetary.albedo ('J 
""d !?

roiur nu* (Si. For comparisons, it is most meaningfitl

express ,"tttitiuity in relative terms, as t1le, fra-clil

change in T, in response to a given fractional change

and S.

3-2. Following the steps described in Box 3-2' de

Equation (SBiq;then derive the expressions for T1

of longwave radiation from the surface that is

in th; atmosPhere. Use the EXCEL

SURFTEMP.xl,s to explore the sensitivity of T" to

creases in/. Graph T, as a function of /(/< 1'00)'

3-4. For the region in which you live, obtain informr

from the U.S. Geological Survey' the U'S' Weather

vice, or other appropriate federal or state agencies

Appendix G for Internet information sources) to e

ftfr (a) the long-term average precipitation, runofi
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150 200 250 300
Mean annual precipitation (cm)

FIGURE 3.42
Relation of world biome types to mean annual temperature and mean annual precipitation. (Numbers as
in Table 3-10.) For climates within the dot-and-dash line, maritime vs. continental climates, soil types,
and fire history can shiftthe balance between woodland, shrubland, and grassland, Reprinted with per

mission of Mdcmillan Publishing Co. from Communities and Ecosystems, 2nd ed., by Whittaker, @ 1975
bv R.H. Whittaker.
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evapotranspiration, (b) the seasonal distribution of pre-
cipitation and runoff, and (c) the runoff ratio (w in Box 3-
4). Compare these values with those shown in Figures
3-I9, 3-20, 3-2I, 3-24, 3-25, 3-26,and Table 3-2.

3-5. For the region in which you live, obtain information
from the U.S. Natural Resources Conservation Service
(formerly Soil Conservation Service) or from other ap-
propriate federal or state agencies to determine the dom-
inant types of soils (see Appendix G for Internet
information sources). Which of the 10 soil orders in Table

3-9 do they belong to? Are they consistent with the distri-

butions shown in Figure 3-40?

3-6. What type of natural vegetation dominates the ro'
gion in which you live? (See Table 3-10.) Is this consisteil
with the average precipitation and temperature rangcl
shown in Figwe3-42?

3-7. Why don't the values in the columns of Tables 3l
and3-2 add up to exactly the totals that are given?

3-8. Calculate the residence times for all the globd

reservoirs in Fisure 3-16
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