Climate, the Hydrologic Cycle, Soils,
and Vegetation: A Global Overview

3.1 BASIC ASPECTS OF GLOBAL CLIMATE
3.1.1 The Energy Budget of the Earth

The sun radiates energy approximately as a black-
body with a temperature 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 of 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 earth’s surface is depleted in portions of
the spectrum (Figure 3-1, curve b). In particular,
normal oxygen (O,) and ozone (Os) in the lower
stratosphere shield terrestrial biota from much of
the energy in the ultraviolet range, which is damag-
ing to most forms of life. Water vapor also absorbs
some of the sun’s energy in the “near infrared”
range. Thus virtually all the sun’s energy arriving at
the surface is at wavelengths less than 4 m; 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 1.74x107 W
(4.16x10'° cal s™*). This quantity, divided by the area
of the planar projection of the earth, 1.28x10" m?,
is called the solar constant, 1.} Thus
1, = 1367 W m™ (2821 cal cm™ day ™). To sim-
plify our discussion, we take § =100 units of radiant

Recent measurements and analyses suggest that the energy out-
put of the sun varies about 1 percent over an 80- to 90-year cycle
(Reid 1987).
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energy input and trace out the fate of this energy in
the earth-atmosphere system prior to its ultimate
reflection or reradiation back to space (Figure 3-2).
All these energy values are estimates of globally
and seasonally integrated averages of values that
are highly variable in time and space.’

Of the 100 units of incident energy, 26 are re-
flected from the atmosphere (20 by clouds) back to
space. Clouds absorb 4, and atmospheric gases
about 16, of the remaining units, so 54 units are inci-
dent upon the earth’s surface. 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
equals the rate of input; thus the 70 units of solar
energy absorbed by the earth and atmosphere are
eventually reradiated to outer space.* The overall
temperature of the earth-atmosphere system (the
planetary temperature) is about 253 K (<20 °C)
(Miller et al. 1983), so this radiation is at a much

2 detailed model for estimating the daily clear-sky solar radia-
tion incident on a sloping portion of the earth’s surface is devel-
oped in Appendix E.

3Recent research (Cess et al. 1995) strongly suggests that clouds
absorb 15 units of radiant energy, rather than 4. This would re-
duce the amount absorbed at the surface to 39 units and com-
mensurately reduce the transfer from the surface to the
atmosphere.
#There is reason to believe that the earth-atmosphere system is
warming. Although this warming could be climatologically and
hydrologically significant (see Section 3.2.9), it represents only a
negligibly small fraction of the total energy budget and thus can
be ignored for purposes of energy-budget analysis.
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FIGURE 3-1

Spectra of energy (a) emitted by
a blackbody at 6000 K, (b) re- 0
ceived at the earth’s surface
(global average), (c) emitted by a
blackbody at 290 K, (d) emitted
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. amaller rate and at much longer wavelengths than is
| the solar radiation [Equations (D-1) and (D-3)].
i The equality of the total incoming solar energy and
. omtgoing terrestrial radiation is reflected in the
 equality of the areas under the two spectral curves
. when plotted on arithmetic scales as in Figure 3-3.

The steps by which solar radiation is trans-

§ formed into earth radiation are the critical determi-
. mants of the earth’s climate. As noted above, 50

wmits of energy are absorbed to heat the surface and
provide latent heat for evaporation and melting.
Because the earth’s surface, like the system as a

whole, is in essential balance, this energy must be
transferred away. This transfer is accomplished via
three modes: (1) radiation (20 units); (2) latent-heat
transfer (24 units); and (3) conduction/convection
(6 units). The basic physics of these energy-transfer
modes is described in Appendix D.

The average temperature of the earth’s surface
is about 290 K (17 °C), so the surface radiates ap-
proximately as a blackbody at this temperature and
emits 20 units of energy in the infrared range be-
tween wavelengths of 4 and 50 wm (Figure 3-1,
curve ¢). Energy in this wavelength band is referred



38 Chapter 3 * Climate, the Hydrologic Cycle, Soils, and Vegetation: A Global Overview

Solar (shortwave) radiation Terrestrial (longwave) radiation
Space Incoming Reflected QOutgoing
100 — —A ~N
\ 6 20 4 6 38 26
A A 4 A A
4 Backscattering
by air
Net radiant
Reflection emission by
by clouds greenhouse
gases .
4 Net radiant
) 14 Net emission by
Absorption
Atmos- i clouds
lflnos 16 by clouds absorption by
phere . greenhouse
Absorption
by atmosphere ; gases
y P Reflection & clouds
by surface T T
Sg.t S;?g:lagt Net sensible Net latent
! Y heat flux heat flux
L surface ‘ ‘
> } 4 t
Ocean \ 20 6 24
and Absorption 50 \ \ ~v— B
land 1 by surface Heating of surface — 50
FIGURE 3-2

Average global energy balance of the earth-atmosphere system. Numbers indicate relative energy fluxes; 100 units
equals the solar constant, 1367 W m-2. Modified from Shuttieworth (1991); data from Peixoto and Oort (1992).

Incoming solar

Energy flux

Outgoing terrestrial

0 5 10 15 20 25
Wavelength (pm)

FIGURE 3-3

Spectra of incoming solar and outgoing terrestrial radiation
plotted on arithmetic scales. Compare Figure 3-1. After Barry
and Chorley (1982).

to as terrestrial or longwave radiation. As shown in
the upper portion of Figure 3-1, many naturally oc-
curring and human-introduced gases strongly ab-
sorb longwave radiation, so that 14 of the 20 units
radiated by the surface are absorbed to heat the at-
mosphere. The absorption of this energy is called
the greenhouse effect; the most important “green-
house gases” are water vapor (which accounts for
65% of the absorption), carbon dioxide (33%), and
methane, nitrous oxide, ozone, and chlorinated fluo-
rocarbons (2% combined).

The components of the atmosphere also radi-
ate energy in all directions. The net effect of the ex-
change of radiant energy between the surface and
the atmosphere is the upward transfer of the 20
units of energy, of which 6 are radiated directly to
outer space.

The transfer of latent heat via evaporation
(mostly from the oceans) adds another 24 units of
energy to the atmosphere; this is the largest source
of atmospheric energy. Sensible heat transfer (con-

————
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We can apply some of the basic physics of energy trans-
fer discussed in Section D.1 to develop a simple “zero-
dimensional” energy-balance model of the temperature
of the earth—atmosphere system. The iong-term average
rate of energy input to this system, J [E T™'], equals the
solar flux, S [E T~'], minus the fraction, a,, of this arriving
energy that is reflected by the system:

i=8(1~a) (3B1-1)

To maintain equilibrium, the average rate at which
the system radiates energy to outer space, g, must equal
i. From the Stefan-Boltzmann Law (Equation D-1) this
rate is

g=o-T-A (3B1-2)

where o is the Stefan-Boltzmann constant, 7, is the
effective radiating temperature of the system (assum-
ing an emissivity of 1), and A is the surface area of the
system.

Energy-Balance Model of Global Radiational Temperature

Equating /and g and solving for T, yields

S-(1 - /
T,= [———(0. Aa,,)]u. (3B1-3)

Equation (3B1-3) shows how the radiating temperature
of the earth—atmosphere system (called the planetary
temperature) depends on the solar constant and the re-
flectivity of the system (called the planetary albedo).

$=1.74x10"W, 5 = 5.78x10Wm=2K* and A
is 5.10x10" m?. From Figure 3-2, we see that the value
of a, is 0.3. Inserting these values in Equation (3B1-3)
gives T, = 253.6 K, which is quite close to the value of
253 K quoted in the text. (The difference is due to round-
ing errors in the numbers in Figure 3-2 and to uncertain-
ty in the true value of a,.)

Exercise 3-1 gives you an opportunity to explore
this question by using this simple model. A simple model
for calculating the earth’s surface temperature is de-
scribed in Box 3-2.

duction/convection) contributes another 6 units be-
cause the surface is, on average, warmer than the

, overlying air.

If we focus on the energy balance of the atmos-
phere (including clouds) in Figure 3-2, we see that
69% of the input, 44 units, comes from the earth’s
surface, while only 31% (20 units) is absorbed di-
rectly from solar radiation. The 22% due to absorp-
tion of longwave radiation via the greenhouse gases
is a critical determinant of the earth’s climate: As
noted by Ramanathan (1988), without the green-
house effect the earth’s surface would have a tem-
perature of —18 °C and be covered with ice. The
potential climatic and hydrologic effects of the in-
creases in concentrations of greenhouse gases due
to industrial activity and the clearing of forests are
reviewed in Section 3.2.9.

The emission spectrum of the earth-atmos-
phere system as viewed from space is shown in Fig-
ure 3-1 (curve d); this curve represents the emission
spectrum of the surface depleted by absorption by
greenhouse gases, and it is this radiation to outer

space that completes the overall energy balance of
the earth-atmosphere system.

Box 3-1 develops a simple energy-balance
model that shows how the planetary temperature of
the earth is related to the solar constant and the re-
flectivity of the system, and Box 3-2 describes a
model for estimating the earth’s surface tempera-
ture based on the energy balance for a two-layer at-
mosphere. These models can be used to explore the
sensitivity of these temperatures to changes in the
solar constant, the albedo, and other factors (Exer-
cises 3-1 and 3-3).

3.1.2 Latitudinal Energy Transfer

Figures 3-4 and 3-5 summarize the geometrical re-
lations of the earth’s orbit that cause seasonal and
latitudinal variations in the receipt of solar energy.
Figure 3-4 shows how a given energy flux is spread
out over larger areas at high latitudes because the
earth is a sphere. This strictly latitudinal effect is
modified seasonally because the earth’s axis of ro-



40 Chapter 3 » Climate, the Hydrologic Cycle, Soils, and Vegetation: A Global Overview

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 aititude of
1.8 km and containing 20% of the air and 50% of the
water vapor), which is the major absorber of the terres-
trial radiation and an upper layer (containing 80% of the
air and 50% 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-term average fluxes [E T-"], all tempera-
tures are absolute, all emissivities are equal to 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 W (which
represents the heat generated from nuclear and fossil
fuels). Energy leaves the system by three routes: (1) 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 - T} - A where fis the fraction of
surface radiation absorbed in the atmosphere, o is the
Stefan-Boltzmann constant, A is the area of the earth,

Energy-Balance Model of Earth-Surface Temperature

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

S+ W=23,-S+0-T}A

+(1-H-o-THA

where 4, is the planetary albedo and 7, is the absolute
temperature of the upper atmospheric layer.

The upper atmospheric layer absorbs a fraction &,
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+ oc-THA+05:0,=20-THA
(3B2-2)

where T, 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 ; of the solar radi-
ation that enters it and by thermal radiation from the

(3B2-1)

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.’
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 22.1° 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 35° 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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. apper layer. From below, energy enters from (1) the ab-
- gmsbed portion of thermai radiation from the surface, f- o
- T} - A, (2) one-half the latent-heat flux from the sur-
j iace, 0., (3) the sensible-heat flux from the surface, @,
| amd (4) the anthropogenic heat flux. Energy is lost from
| s layer by upward and downward radiation. Thus the
. emargy balance for the lower layer is

k-S+o-T}A+fo-THA
+05:0,+Q,+W=2-0-T}-A (3B2-3)

1 Equations (3B2-1) to (3B2-3) are a system of three
E emuations in three unknowns, the temperatures T,, T,
L amd T, the other quantities are parameters whose values
. st be given. The values of the temperatures can be
- fiund via the following steps:

1. Solve Equation (3B2-1) for T, in terms of T, and pa-
rameters.

2. Solve Equation (3B2-2) for T,in terms of 7, and pa-
rameters.

3. Substitute the results of Step 1 into the results of

Step 2 to give an equation for T,in terms of T, and

parameters.

4. Solve Equation (3B2-3) for T in terms of T,, 7, and
parameters.

5. Put the results of Step 1 and the results of Step 3
into the results of Step 4 and simplify to give the
equation for 7, as a function of parameters.

The resulting expression is

(3 - 3°a,,—'2-ku— k)

+S—-15-Q, - Q,+2-W
3-2-H-0-A

The values given by Harte (1985), which are gener-
ally consistent with those in Figure 3-2, are:

1/4

T;:

(382-4)

S=1.74x10"W 2,=03

Q, = 4.08x10"° W k,=0.18
@, = 8.67x10" W k = 0.075
W= 1.07x10"W f= 0.950.

With these values, Equation (3B2-4) gives T, = 290.4 K,
close to the actual value of 290 K.

Exercise 3-2 asks you to derive Equation (3B2-4) by
following the above steps. Exercise 3-3 gives you an op-
portunity to use the model to explore the greenhouse ef-
fect.

4.3 The General Circulation and the Distribution
] of Pressure and Temperature®

unequal latitudinal distribution of radiation
d the requirement for the conservation of angu-
momentum on the rotating earth give rise to a
gstem of three circulation cells in the latitude

ads 0°-30°, 30°-60°, and 60°-90° in each hemi-
¢, along with the jet streams and characteristic
ailing surface-wind directions (Figure 3-8). This
stem is called the general circulation of the at-

L %pguch of the discussion in this section is based on Miller et al.

E (r9s3).

mosphere. The cell nearest the equator is responsi-
ble for most of the poleward energy transfer be-
tween latitudes 0° and 30°, but mechanisms other
than the general circulation dominate the atmos-
pheric transfer at higher latitudes. As indicated in
Figure 3-9, winds circulating in large-scale horizon-
tal eddies—both the quasi-stationary zones of high
and low pressure discussed later and the moving cy-
clonic storms that dominate weather systems in the
mid-latitudes—are the major agents of transport
above latitude 30° (Barry and Chorley 1982).
Figure 3-8 shows that the general circulation re-
sults in regions of rising air near the equator and
near latitude 60°, and descending air near latitude
30° and the poles. We would expect the zones of as-
cent to be characterized by relatively low atmos-
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sc

sc

FIGURE 3-4

Variation of solar radiation intensity ([E L= T-']) 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 B.2.4), the annual temperature range of

e —
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FIGURE 3-6

Daily total receipt of solar radiation (MJ m~) at the top of the atmosphere as a function of latitude
and time of year. From The Physics of Climate, by J.P. Peixoto and A.H. Oort © 1992, used with
permission of the American Institute of Physics.
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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
Oscillation

A teleconnection is a climatic anomaly that is a dis-
tant consequence of another climatic anomaly. In
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the late 1960s, oceanographic and atmospheric
measurements, global observations via satellite, and
careful study of historical records began to estab-
lish some definite, though spatially and temporally

- variable, relations among certain atmospheric and

oceanic climatic anomalies.

The best known system of teleconnections is
called the “El Nifio-Southern Oscillation”
(ENSO), a quasi-cyclic phenomenon that occurs
every three to seven years and has persisted for at
least the last 450 years (Rasmussen 1985; Enfield
1989). This phenomenon consists of an oscillation

90°N 80 70 60 50 40 30 20 10 O 10 20 30 40 50 60 70 80 90°S

Latitude

between (1) a warm phase (“El Nifio”), during
which abnormally high sea-surface temperatures
(SSTs) occur off the coast of Peru’ accompanied by
low atmospheric pressure over the eastern Pacific
and high pressure in the western Pacific and (2) a
cold phase (“La Nifia” or “El Viejo”) with low SSTs

"The term “El Nino” refers to the Christ Child and was given by
Peruvian fishermen (whose catches were adversely affected by
the phenomenon) because the abnormal warming usually be-
comes pronounced around Christmas.
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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

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 Pacific. 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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Flux due to
general circulation

the eastern Pacific leads to the cold phase of
5O.
' Although ENSO is essentially the product of
ge-scale, long-period waves in the surface of the
pical Pacific Ocean, it shifts the jet stream in
eastern North Pacific and North America to the
(warm phase) or north (cold phase). These
s can steer unusual weather systems into low-
mid-latitude regions around the world. The re-
is unusually warm or cold winters in particular
drought in normally productive agricultur-
areas, and torrential rains in normally arid
) (Rasmussen 1985). Some of the telecon-
etions associated with ENSO episodes are indi-
Bed in Figures 3-13 and 3-14; the most consistent
@ the severe droughts in Australia and northern
h America and heavy rainfall in Ecuador and
rn Peru. In other places the effects can vary
episode to episode depending on the state of
atmosphere. For example, the 1976-1977 event
s associated with drought along the west coast
the United States; that of 1982-1983 produced
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. Total poleward energy flux and components of total flux carried as latent and sensible heat in the general circulation of the at-
¢ mosphere and in winds associated with horizontal eddies. After Barry and Chorley (1982).

increased storminess (Enfield 1989). The severe
drought in the north-central United States in the
summer of 1988 (Figure 10-34c) was a conse-
quence of the 1986-1987 ENSO event (Trenberth
et al. 1988). The strong 1997-1998 event produced
warm and dry conditions from India to northern
Australia (leading to extensive forest fires in In-
donesia); dry conditions in the eastern Amazon
region; a wet winter with considerable flooding
along the West Coast, Gulf Coast, and south At-
lantic Coast of the United States; and a warm win-
ter in the northeastern United States. A source for
current information on ENSO is given in Appen-
dix G.

A number of studies have found relationships
between streamflows and ENSO cycles (e.g.,
Dracup and Kahya 1994; Eltahir 1996; Piechota et
al. 1997; Amarasekera et al. 1997). ENSO anomaly
patterns persist for several months, so useful long-
range hydrological forecasts can be made for the re-
gions shown in Figures 3-13 and 3-14 (Halpert and
Ropelewski 1992).
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FIGURE 3-10
Normal sea-level pressures (mb) in the northern hemisphere in (a) January and (b) July. Reprinted with permis-
sion of Prentice-Hall from Elements of Meteorology, 4th ed., by Miller et al. © 1984 by Bell & Howell Co.

3.2 THE GLOBAL HYDROLOGIC CYCLE
3.2.1 Stocks and Fluxes in the 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

8The 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 Figure
3-17, 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 his-
tory there were no glaciers.
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and 30% is ground water; only 1% is in surface-
water bodies.

The major features of the global cycle are: (1)
the oceans lose more water by evaporation than
they gain by precipitation; (2) the land surfaces re-
ceive more water as precipitation than they lose by
evapotranspiration; and (3) the excess of water on
the land returns to the oceans as runoff, balancing
the deficit in the ocean—atmosphere exchange. The
oceanic fluxes dominate the cycle: oceans receive
79% of the global precipitation and contribute 88 %
of the global evapotranspiration.

As was noted in Section 2.8.1, the flow of water
from one reservoir to another implies that the

3.2 The Global Hydrologic Cycle 49

water within each of the reservoirs is also continual-
ly in motion. The average residence time (average
length of time a molecule of water is in a given
reservoir) can be calculated from Equation (2-27);
Exercise 3-8 asks you to calculate the residence
times for the various stocks in Figure 3-16.

3.2.2 Distribution of Precipitation

Regions characterized by rising air tend to have rel-
atively high average precipitation, and those char-
acterized by descending air tend to have low
precipitation. (See the discussion of precipitation
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(a)

(b)

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 of equal atmospher-
ic pressure. Girculations 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 30°
where most of the world’s great deserts occur (Fig-
ure 3-18).

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 sources,
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 60°, 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, significant 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
the ITCZ to 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 40° 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 temperatures,
global circulation patterns and storm tracks, and
precipitation (Berry 1981; Walsh 1984; Barnett et al.
1988; 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 (Figure 3-22).

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 1975).
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 3-12
“istribution of mean temperature (°C) in (a) January; and (b) July. From The Physics of Climate, by J.P. Peixoto and by A.H. Oort ©
1992, used with permission of American Institute of Physics.
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Warm Episode Relationships December—February
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FIGURE 3-13

Typical climatic anomalies associated with the warm (EI Nifio) 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.fb4.noaa.gov/products/analysis_mon (1998).
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Cold Episode Relationships December—February
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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 NASA/Science
Source/Photo Researchers. Inc.
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FIGURE 3-16 :
Schematic diagram of stocks and annual fluxes in the global hydrologic cycle. Based on data of

Shiklomanov and Sokolov (1983) (Table 3-1). Inflows and outflows may not balance for all com-
partments due to rounding.
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TABLE 3-1 ;
Seks in the Global Hydrologic Share of World Reserves (%)
Dacie * of of
Area Covered Total Water Fresh-Water
Form of Water (km?) Volume (km®) Reserves Reserves
World oceans 361,300,000 1,338,000,000 96.5 —
Ground waters 134,800,000 23,400,000 17 —
Fresh ground water 10,530,000 0.76 30.1
Soil moisture 82,000,000 16,500 0.001 0.05
Glaciers and permanent
snowpack: 16,227,500 24,064,100 1.74 68.7
Antarctica 13,980,000 21,600,000 1.56 61.7
Greenland 1,802,400 2,340,000 0.17 6.68
Arctic islands 226,100 83,500 0.006 0.24
Mountain areas 224,000 40,600 0.003 0,12
Ground ice in zone of
permafrost strata 21,000,000 300,000 0.022 0.86
Water reserves in lakes: 2,058,700 176,400 0.013 —_
Fresh-water lakes 1,236,400 91,000 0.007 0.26
Saltwater lakes 822,300 85,400 0.006 —
Marsh water 2,682,600 11,470 0.0008 0.03
Water in rivers 148,800,000 2,120 0.0002 0.006
Biologic water 510,000,000 1,120 0.0001 0.003
Atmospheric water 510,000,000 12,900 0.001 0.04
Total water reserves 510,000,000 1,385,984,610 100 ==
Fresh water 148,800,000 35,029,210 2.53 100

“llustrated in Figure 3-16, page 54.
Data from Shiklomanov and Sokolov (1983).

"ot the seasonal distribution of runoff (see Section
324 and 10.2.5).

323 Distribution of Evapotranspiration

¥ sapotranspiration includes all processes involving
"¢ phase change from liquid (or solid) to water
“upor. Globally, its principal components are evapo-

ration from the oceans and transpiration by land veg-
etation. The latitudinally averaged evapotranspira-
tion (Figure 3-23) has a maximum near the equator
and near-zero values at the poles. The general pattern
is similar to that of the radiation balance and temper-
ature, reflecting the importance of the availability of
energy to supply the latent heat that accompanies the
phase change (Sections D.6.6 and 7.1.1).

TABLE 3-2
“cks and Annual Fluxes for Major Compartments of the Global Hydrologic Cycle. Data from Shiklomanov and Sokolov (1983).
Seack Volume* Percentage of All Water Sources Input Flux” Sinks Output Flux”
Oceans 1338 96.5 Pptn: 458 Evap: 505
Runoff: 47
Asmosphere 0.013 0.001 Land evap: i Pptn: Sl
Ocean evap: 505
Land 48 3.46 Pptn: 119 Evap: a2
e Runoff: 47
Tocal 1386 100

S Seocks in 10° km®.
MEhxes in 10° km? yr'.

~ s from Shiklomanov and Sokolov (1983).
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Glaciers Fresh water ~ Atmosphere

FIGURE 3-17

Oceans

Relative volumes of water in oceans, glaciers, fresh water, and atmosphere.

FIGURE 3-18 2000
Latitudinal distribution of average d
precipitation rate. From Barry and |
Chorley (1982).
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FIGURE 3-22 +30
Summer monsoon rainfall in

India and preceding winter snow-

cover in the Himalayas for +20
1971-1980. From Walsh (1984)
used with permission of Sigma
Xi, the Scientific Research Soci-
ety.
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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 availability of water, than from the continents.

74 75 76 71 78 k) 1980

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 1500
Latitudinal distribution of average 4
annual evaporation from the |
oceans, evapotranspiration from 3
the continents, and globally aver- i 2 / <O
aged evapotranspiration. From = w Vo, S \\
Barry and Chorley (1982). 1000 - / Bl \
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FIGURE 3-24

wnal distribution of oceanic evaporation and continental evapotranspiration (cm yr~'). From The Physics of Climate, by J.P. Peixo-
273 AH. Oort © 1992, used with permission of American Institute of Physics.

“Flgure 3-18) (Barry and Chorley 1982); the minor
= nima near 30° are due to the scarcity of water in
e extensive deserts in that latitude band.

Figure 3-24 shows the global distribution of

~ weanic evaporation and continental evapotranspi-

sation. As expected, there is a general correlation
“wiween mean annual temperature and mean annu-
W evapotranspiration (compare Figures 3-12 and 3-
4 1 In the oceans, the basic latitudinal patterns are
wtorted largely by the effects of surface currents
“tor example, note the effect of the warm Gulf
“ream off northern Europe and the equatorward-
Sowing cold currents off western South America
o North America). The highest continental values
¢ in the tropical rain forests of South America,
Airica. and southeast Asia; the lowest are in the Sa-
“ura Desert, Antarctica, arctic North America, and
weatral Asia.

- 324 Distribution of Runoff

#izure 3-25 shows the global distribution of annual
~ sunoff (ie., the difference between precipitation

o evapotranspiration) for the continents. Not sur-

- pewsingly. comparison of Figures 3-19 and 3-25

“ows a close correspondence between average

runoff and average precipitation: Virtually all the
zones with the highest runoff also have the highest
precipitation, and regions with low precipitation
have low runoff. The highest average runoff rates,
near 3000 mm yr!, occur on the east coast of the
Bay of Bengal; the Amazon Basin of northern
South America contains the largest region with
runoff exceeding 1000 mm yr .

The seasonal pattern of runoff is commonly
quite different from that of precipitation due to the
seasonality of evapotranspiration and the storage
of precipitation as snow. In the northeastern United
States, for example, precipitation is equally distrib-
uted through the year, but 25% of the annual runoff
typically occurs in one spring month and only 10%
in the three months of summer. The effect of
snowmelt in concentrating the period of runoff be-
comes more pronounced the longer the annual
snowcover persists; in northern Alaska, one-half of
the annual runoff occurs in a three- to ten-day peri-
od (Dingman et al. 1980).

Figure 3-26 shows the types of runoff regimes
classified by L’vovich (1974). In this classification,
regimes are identified by (1) the season in which the
most runoff occurs (spring, summer, winter, fall)
and (2) the degree to which runoff is concentrated
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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 glacierized, 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 Major Rivers 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

their locations. Together, these rivers drain 22.9%
of the world’s land area and contribute 32.8% of
the total runoff to the oceans; the Amazon River
alone delivers 13% 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
are (1) to provide storage that reduces the time vari-
ability 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 3% of the total land evapo-
transpiration (L'vovich 1974). It should also be
noted that lakes play important roles with respect to
sediment transport (discussed in the following sec-
tion), temporarily storing particulate sediment and
providing sites for the chemical precipitation and bi-
ological uptake of dissolved materials.

Table 3-5 lists the world’s 25 largest natural
lakes (ranked by area), and Figure 3-27 shows their
locations.

3.2.7 Material Transport by Rivers

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

TABLE 3-3
Water Balances of the Continents.

Precipitation Evapotranspiration Runoff
Continent Area (10° km?) (km?® yr) (mm yr?) (km?® yr) (mm yr™') (km® yr™) (mm yr)
Europe 10.0 6,600 657 3,800 375 2,800 282
Asia 441 30,700 696 18,500 420 12,200 276
Africa 29.8 20,700 695 17,300 582 3,400 114
Australia® 7.6 3,400 447 3,200 420 200 27
North America 243 15,600 645 9,700 403 5,900 242
South America 17.9 28,000 1,564 16,900 946 11,100 618
Antarctica 14.1 2,400 169 400 28 2,000 141
Total land® 148.9 111,100¢ 746 71,400 430 39,700¢ 266

*Not including New Zealand and adjacent islands.
*Including New Zealand and adjacent islands.
°Estimate differs from that of Table 3-2.

Data from Baumgartner and Reichel (1975)
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16 Largest Rivers in Terms of Average Discharge. (See Figure 3-27 for locations.)

River

Drainage Area Discharge
- that F 2
clud- (10° km?) %> m®s™?) (km?® yrY) (mm yr) %" Runoff Ratio®
— 7,180 48 190,000 6,000 835 13.0 0.47
vers 3,822 2.6 42,000 1,330 340 2.9 0.25

1,970 13 35,000 1,100 560 2.4 0.50
k" 1,086 0.7 29,000 915 845 2.0 0.46
main 589 0.4 20,000 630 1,070 1.4 0.65

2,650 1.8 19,500 615 235 2] 0.20
“’ 2.599 17 17,800 565 215 152 0.42
van- 3,224 22 17,700 560 175 1.2 0.21
re 2- 2,430 1.6 16,300 51 210 il 0.46
h’ 795 0.8 15,900 500 630 il 0.43
. the 1,073 0.7 15,500 490 455 3 0.42

431 0.3 14,000 440 1,020 1.0 0.60
mall 2,950 20 12,500 395 135 0.9 0.24
apo- 435 0.3 11,500 365 840 0.8 —
y be 1,843 19 11,000 350 190 0.8 0.32
ot to 1,030 0.7 10,400 330 310 0.7 0.33
sec- 34,107 229 478,100 15,100 32.8
‘and of total earth land area (148.9 x 10° km?).
d h' of total runoff to oceans (46 x 10° km® yr™).
long-term average discharge to long-term average precipitation (w in the model in Box 3-4).

hei 2 Baumgartner and Reichel (1975), Wigley and Jones (1985), and L'vovich (1974).

are a crucial link in the “tectonic cycle” in
rock material is formed deep in the earth’s
raised to the surface by tectonic processes,
-d and transported to the oceans, and ultimate-
sducted to become resorbed into the lower
and upper mantle (Howell and Murray 1986).
materials transported by rivers are also parts of
biogeochemical cycles involving carbon, oxy-
nitrogen, hydrogen, phosphorus, sulphur, and
other elements [see, for example, Deevey
)] that are essential for the maintenance of the
'S ecosystems.
Rivers transport material as individual ions or
es in solution (dissolved load) or as solid
sles (particulate load). The particulate load can
Surther classified as suspended load, which is car-
above the channel bottom by turbulent eddies,
‘bed load, which moves in contact with the bot-

ek

IGHSBHSIHISIK I

In discussing material transport, it is important
stinguish between concentration, which is usu-
expressed as the mass (or weight) of material
tituent per unit volume of water ([M L] or

L ']), and load, which is the rate of discharge of

the material constituent ([M T!] or [F T']). The
relation between the two quantities is

Lx T Cx A Q ’ (3'1)

where L, is the load of constituent x, C, is the con-
centration of constituent x, and Q is the rate of dis-
charge of water ([L* T']). As with water
discharge, it is often useful to compare loads in dif-
ferent rivers on a per-unit-drainage-area basis
(M T7! L] or [F T! L)), this quantity is called
sediment yield.

In this section, we review (1) some of the global
relations between material transport and climate,
geology, topography, and vegetation and (2) current
estimates of the global rates of material transport to
the oceans. Walling and Webb (1987) have recently
reviewed much of the literature on these topics, and
our overview relies heavily on their work.

Dissolved Material

Table 3-6 lists the estimated mean composition of
the river waters of the world. However, composi-



o0

‘g-¢ 9|qeL 0] Jajal ‘sasenbs Ul siequinu Aq umoys
saye| 1s9b1e] G S,P1IOM U} JO SUOIIBIOT "p-€ BIGEL 0} J8Jal $8J0110 Ul S1aquunu Aq umous siayl 15861e] 9| S,pIAOM U} JO SUOIEIOT

Ooo

O

Oo

ov

09

[2-€ 34N9id
2081 S0Ct 209 0 209 o0CI1 2081
w e
-09
oOf
(1]
N
y\s OO
ST o
9 0F
SI ]
iy
T @
s 209
N 8
08 208
5081 S0TT 509 0 209 0T 2081




Dy numbers in circles; refer to Table 3-4. Locations of the world's 25 largest lakes

shown by numbers in squares; refer to Table 3-5.

LULARUTS OF e wonas 10 1dargest rivers snown
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TABLE 3-5
The World’s 25 Largest Natural

Lake

Area (km?) Maximum Depth (m) Elevation (m)

Lakes in Terms of Surface Area. 1. Caspian Sea
(See Figure 3-27 for locations.) 2. Superior
3. Victoria
4. Aral Sea”
5. Huron
6. Michigan
7.Tanganyika
8. Great Bear
9. Baikal
10. Nyasa
11. Great Slave
12.Exie
13. Winnipeg
14. Ontario
15. Ladoga
16. Balkhash®
17. Chad®
18. Maracaibo
19. Bangwelu
20. Onega
21.Titicaca
22. Athabasca
23. Nicaragua
24, Eyre®
25. Rudolf

371,800 995 28
82,400 406 183
69,500 81 1,134
65,500 68 53
59,600 229 177
58,000 281 177
32,900 1,436 773
31,800 413 156
30,500 1,620 455
29,600 679 473
28,400 614 156
25,700 64 174
24,500 18 217
19,700 5 75
17,700 25 4
17,400 26 340
16,300 7 240
13,300 35 0

9,800 2 1,150
9,600 110 33
8,300 281 3,813
8,100 124 213
8,000 70 32
7,700 1 -16
6,400 61 375

(Micklin 1988).

varies widely in different regions of the world,
v because of variations in rock type and cli-
Gibbs (1970) showed that rivers draining
with high annual precipitation and runoff
W 1o have low total dissolved concentrations and

Composition of River Water of the World.

Concentration (mg/L)

10.4
13.4
(Mg) 335
515
3
te (HCO,) 52
8.25
8.75
ssolved solids 132

Hem (1985).

* The Aral Sea has been much reduced in size by disastrous water-resource developments

b Area varies significantly in response to seasonal and longer-term precipitation fluctuations.
Data mostly from Todd (1970).

compositions similar to that of the precipitation
(i.e., they are relatively rich in sodium [Na] and
chlorine [Cl]) and largely independent of rock type
(Figure 3-28). In climates with moderate precipita-
tion and runoff, concentrations are at moderate lev-
els and composition is dominated by rock type and
tends to be high in calcium (Ca) and bicarbonate
(HCO3). As one moves toward drier climates, water
chemistry becomes increasingly controlled by frac-
tional crystallization due to evaporation: Concen-
trations increase, and the composition shifts from
Ca-HCO; toward Na-Cl. The ultimate end-mem-
ber in this progression is sea water.

Walling and Webb (1987) examined data for
some 500 rivers worldwide and found average dis-
solved-sediment yields ranging from less than 1 T
km™ yr! to 750 T km™ yr''; the average was about
40 T km™ yr'. Figure 3-29 shows the global varia-
tion of total dissolved load for major river basins.
(Data are sparse for other areas.) The high loads in
southern Asia reflect the high discharges in those
regions (Figure 3-26); those in central Europe are
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FIGURE 3-28 ’
Processes controlling the chem- Seavaier
istry of world rivers, according to
Gibbs (1970). 5
Q
10,000 - j‘
L /
& 1,000 T 4
4
\% / = , II a:g
2 +L / £
3 " ! 8
I =1
2 ; :
2 Rock dominance \ S
'% N X N §
100 >
3& S \ \\ ~
= N
= \
~ 8 \
~ ~ % ef)@& RN
~ o \
~ \
~. \ 3
N \
N \
10k R . Precipitation‘ 3
. dominance «
N
N
N
B ~ Y
S =
o e
~ = E
L 1 1 1 1 L 1 1 1
CHHCO, ' Composifign —r_—=re NaCl

due to widespread soluble rocks, especially lime-
stones. The very high loads of the Irrawaddy River
in Southeast Asia and 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

._‘——'

Syvitski 1992). Thus all these factors, plus the ef-
fects of lakes and reservoirs acting as sediment
traps (also greatly increased by humans; see Voros-
marty et al. 1993), affect the global patterns of par-
ticulate-sediment yield and make it difficult to
generalize about these patterns. However, Dedkov
and Mozzherin (1984) have related sediment yields
to vegetation, after first classifying rivers with re-
spect to topography and size (Figure 3-30). These
vegetative zones can be generally related to cli-
matic factors, as discussed in Section 3.3.2. Note
that, outside of glacierized regions, the highest
yields tend to occur in “Mediterranean” climates.
where vegetation is sparse because annual rainfall
is low, but the rain is concentrated in a few months
of the year. In another global survey that included
smaller streams, Milliman and Syvitski (1992}
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(a) PLAINS
Belt Zone Small Rivers Large Rivers
. Tundra and
Subarctic forest tundra
Taiga and
mixed forest
Broadleaved forest
Temperate Forest steppe
Steppe
Semidesert
Semidesert No data
Steppe 770
Subtropical T 7
Mediterranean
Forest
Tropical Forest
and sub-
equatorial Savanna
Equatorial Forest
T T T 1 T T 1
0 100 200 300 400 500 0 100 200 300 400
Mean Annual Suspended Sediment Yield (t km yr—l)
(b) MOUNTAINS
Zone : » Small Rivers 1400
Glacial ' ( :
Subnival
Taiga and

mixed forest
Broadleaved forest

Forest-steppe
Steppe

Semidesert

Subtropical
semidesert

Subtropical steppe

Mediterranean

Subtropical
rain forest

Tropical forest

Savanna
Tropical
montane forest

1 o T
0 200 400 600 800 1000 0 200 400 600 800 1000
Mean Annual Suspended Sediment Yield (t km—2 yr_])

FIGURE 3-30
Relation between particulate-sediment yields and vegetation, as proposed by Dedkov and Mozzherin (1984). The boundary be-

tween “small” and “large” rivers is at a drainage area of 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! 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 Taiwan, 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
load in large plains rivers and 23% 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 17.2 x 10° T yr™\. When allowance is made
for the amount of sediment being trapped in reser-
voirs, the total rate of sediment movement is be-

Chapter 3 ¢ Climate, the Hydrologic Cycle, Soils, and Vegetation: A Global Overview

tween 19.0 x 10° T yr! and 20.0 x 10° T yr', 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 10° m® yr™! (about 0.05
mm yr' worldwide). However, it is not clear how
well this value reflects natural erosion rates. Trimble
(1975) cautioned that agriculture and other human
activities may have greatly accelerated erosion, and
that sediment yields could be as little as 5% 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 particulate.
dissolved, and total sediment yields due to its gen-
erally low relief, 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

TABLE 3-7
Estimated Sediment Loads and Yields by Continent.
Particulate Dissolved Total
Load - Yield Load Yield Load Yield

Continent 10° T yr'?) (T yr'' km™) 10°T yr™Y) (T yr' km™?) 10° T yr') (T yr ' km?)
Africa 530 35 201 18 731 48
Asia 6,433 229 15592 57 8,052 286
Europe 230 50 425 92 655 142
North and 1,462 84 758 43 2,220 127

Central

America
Oceania and 3,062 589 293 56 3335 645

Pacific

Islands®
South 1,788 100 603 34 2,391 134

America

 Includes Australia and the large Pacific Islands.

Data from Walling and Webb (1987).
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TABLE 3-8
Water content and water intake of humans.
Man Woman
Percentage of weight as water 60 50
Weight of water in body (kg) 42 25
Average intake (kg day™)
in milk 0.30 0.20
in tap water 0.15 0.10
in other fluids 1.50 1.10
as free water in food 0.70 0.45
from oxidation of food _0_§§ gé
3.00 210,

Data from Harte (1985).

food, clothing, and shelter that are essential for our
existence—we tend to think of the environment as
being “out there.” In fact, each of us is part of the
great biogeochemical cycles that have moved mat-
ter and energy through the global ecosystem for bil-
lions of years. None of the atoms that currently
constitute your body was part of you at birth; each
atom has a finite residence time within you before it
leaves to continue its ceaseless cycling.

Table 3-8 shows the amounts of water in typical
humans and the rates of intake of water from vari-
ous sources. For adults, the average rate of output
{via breathing, perspiration, urine, and feces) is es-
sentially equal to the average rate of input. As for
other reservoirs, we can calculate the average resi-
dence time of water in the typical human male and
female by using Equation (2-26). If you perform
this computation with the data in Table 3-8, you will
see that the residence time of water in both sexes is
about 14 days.

Thus, on the average, the water in your body is
completely replaced every two weeks. The hydro-
logic cycle is flowing through you, as well as
through the rivers, aquifers, glaciers, oceans, and at-
mosphere of the world.

32.9 Climate Change and the Hydrologic Cycle

As is discussed in Section D.2.1, measurements
show that atmospheric concentrations of carbon
Jioxide and other greenhouse gases have been in-
reasing throughout this century. The concentration
of carbon dioxide (CO,) has increased from 280
parts per million (ppm) in 1850 to 353 ppm in 1990
and is projected to reach 500 ppm or higher by
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2050—a level that is higher than any the earth has
experienced in the last million or so years. The con-
centrations of other greenhouse gases, especially
methane and chlorofluorocarbons, are increasing at
even faster relative rates (Ramanathan 1988), and
they are many times more effective (per molecule)
than CO, at absorbing longwave radiation. It is vir-
tually certain that most, if not all, of these increases
are caused by human activities—particularly the
burning of fossil fuels and the clearing of forests—
and these activities show every sign of continuing,
and perhaps accelerating, for at least the next sever-
al decades.

Elaborate models of the earth’s climate system
indicate that the combined effects of these increases
in greenhouse gases will be a rise in the average
earth-surface temperature of about 1 to 2 C° by 2050
and by as much as 5 C° by 2100.” If this warming oc-
curs—and there is mounting evidence that it is
under way (Mitchell et al. 1995; Santer et al. 1996;
Tett et al. 1996; Harris and Chapman 1997; Kauf-
mann and Stern 1997)—the earth will become
warmer than it has been at any time in human histo-
ry. This warming will certainly be accompanied by
significant changes in the hydrologic cycle, in vegeta-
tive patterns, and in sea level, changes that will force
major adjustments in the magnitudes, timing, and lo-
cations of water demands, supplies, quality, and haz-
ards. Complete examination of the likely hydrologic
and water-resources impacts of these climate
changes would require a separate book-length treat-
ment, but we provide here a brief introduction and
overview of the major considerations.

Historical Variability of Streamflow

As was indicated in Section 2.5.1, streamflow is cli-
matically determined and is inherently highly vari-
able. Therefore it is instructive to examine historical
data on streamflow variability to provide a context
for detecting and predicting the effects of climate
change on the hydrologic cycle.

As is suggested by Figure 3-32, relative variabil-
ity of streamflow is much higher in arid regions
(Upper and Lower Plains, Southwest) than in humid
regions (Northeast, Northwest). Interestingly, time

9These increases can be simulated via the model described in
Box 3-2 by increasing f, the fraction of longwave energy emitted
by the surface that is absorbed in the atmosphere. (See Exercise
3-3.)
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FIGURE 3-32 1931 1935 1940 1945 1950 1955 1960
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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

longest streamflow record in the world is that of
the Nile River, for which information is available
from 622 to 1520 and from 1700 to the present
Riehl and Meitin (1979) found three contrasting
patterns of variability in this record: (1) from 622
to about 950, periods of high flow alternated with
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FIGURE 3-32 1931 1935 1940 1945 1950 1955 1960
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s of low flow, with each cycle lasting 50 to 90 nounced changes in the pattern of variability ap-
and having a moderate amplitude; (2) from 950 pear to be related to global climatic fluctuations;
1225 there were no major trends or cycles; (3) for example, 950-1225 corresponds to the “little
the remainder of the record, there were again climatic optimum,” a period of reduced stormi-
W ernating periods of high and low flow, but hav- ness. Subsequent studies have found that Nile

‘e cvcles of from 100 to 180 yr and of much higher flows are influenced by the ENSO cycle (Eltahir

mplitude than in the first pattern. These very pro- 1996).
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1800 1850 1900 1950 2000
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FIGURE 3-33
Wet and dry periods in historical streamflow records for 50 major rivers of the world. From Probst and Tardy (1987), used with
permission.
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North America
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FIGURE 3-34

Standardized fluctuations in total runoff for the continents and 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 13% of the total glob-
al runoff. They could find no indication of climate or
land-use change over the period of record,
1903-1985. 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 Water Resources

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 CO, 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 15% (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 40° N. As is noted in Box 3-3,
studies have documented recent snowpack reduc-
tions.

Experiments indicate that higher CO, 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-

T ————————

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 change
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 the
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.,

aglop > dqlde).”

2. The relative change in runoff is always
greater than the relative change in precipi-
tation-(ke, ¢ = 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.,
g > e)onlyinregions where w < 0.5.

One set of results from Wigley and Jones (19
is shown in Figure 3-37; other results can be gener
ated by using the model in Box 3-4 (Exercise 3-13
Wigley and Jones (1985) concluded that, over
one might expect “very large” increases in avera
runoff in response to the predicted warming, unl
there is a compensatingly large increase in I
evapotranspiration.

Box 3-5 describes another simple water-b
ance approach for estimating the effects of clim
changes or land-use changes on the global hyd
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 eva
transpiration. Completion of Exercise 3-12 sugg
that a given percentage increase in ocean evapo
tion (e.g., 6%) gives rise to a smaller relative i
crease in land precipitation (3.4%) and a lar,
relative increase in runoff (8%).

19Symbols are defined in Box 3-4.
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'e chang cover Cloud cover increased over wide areas of
) six-fo Jobe since 1900 (Henderson-Sellers 1992; Karl et
1983: Dai et al. 1997).

fation Precipitation increased in mid-latitudes
decreased in low latitudes over the last 30 to 40 yr
2y et al. 1987).

Precipitation increased in many areas since 1900

nore et al. 1993; Wilmott and Legates 1991; Dai et al.
1 than to 3
Precipitation increased in southern Canada by 13%
' the United States by 4% during the last 100 years;
ays oreatest increases were in eastern Canada and adja-
precipi- regions of the United States (Groisman and Easter-
1994).
changes Precipitation increased by up to 20% in Canada
the of latitude 55° (Groisman and Easterling 1994).
Decadal to multidecadal variability of global precip-
is the on increased since 1900 (Tsonis 1996).
n (ie., Proportion of precipitation occurring in extreme
< 05. day events increased in the United States in the last
0 80 yr (Karl et al. 1995).
s (1985) Fall precipitation increased in the central United
=5 between 1948 and 1988 (Lettenmaier et al.
€ gener- »
se 3-13).
overall,
average Areal snow cover in the northern hemisphere
2. unless ed 10% in the past 20 yr (Groisman et al. 1994).
in land Areal snow cover in North America declined 8% in
past 19 yr (Karl et al. 1993).
ater-bal-

IC:;I(;:: Slaciers Most arctic glaciers experienced a net loss of
ore the ‘water since 1940, contributing 0.13 mm yr~' to sea-level
- 752 (Dowdeswell et al. 1998).

that ac- t

| evapo- ,

uggests - Evapotranspiration Pan evaporation in the United
vapora- States and former Soviet Union declined since 1950 (Pe-
tive in- fterson et al. 1995).

 larger Plant growth in northern high latitudes increased

om 1981 to 1991 (Myneni et al. 1997).

Recent Large-Scale and Global Changes in the Hydrologic Cycle

26% of global evapotranspiration was directly used
by humans (Postel et al. 1996).

Streamflow Streamflow increased in the European
part of the former Soviet Union (Georgievsky et al.
1995).

Winter—spring streamflow strongly increased at
over 50% of United States gaging stations from 1948 to
1988, with the strongest trends in the north-central re-
gion (Lettenmaier et al. 1994),

Streamflow increased, especially in fall and winter,
during past 50 yr in most of the conterminous United
States (Lins and Michaels 1994).

54% of geographically and temporally accessible
streamflow was directly used by humans (Postel et al.
1996).

77% of the flow of the 139 largest river systems in
the United States, Canada, Europe, and the former Soviet
Union was moderately to strongly affected by reservoir
regulation, diversion, and irrigation (Dynesius and Nils-
son 1994).

Volume of water in global river systems was in-
creased 700% due to dams (Vérosmarty et al. 1997a).

Average residence time of water in global river sys-
tems was tripled due to dams, which caused changes in
flow regimes and water quality (Vorosmarty et al. 1997a).

Sediment Transport Global sediment transport to
oceans doubled in the last 2500 yr (Milliman and Syvits-
ki 1992); however, 16% of the current sediment being
transported is trapped in reservoirs (Vérosmarty et al.
1997h).

Sea Level Sea level increased at a rate of 2.4 mm yr'
throughout the 20th century (Peltier and Tushingham
1991).

At least 0.54 mm yr' of net sea-level rise (20 to
30% of total) was caused by human intervention in the
hydrologic cycle (ground-water mining, reduction in vol-
ume of Aral and Caspian seas, desertification, deforesta-
tion, and wetland drainage, minus reservoir storage;
Sahagian et al. 1994).
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FIGURE 3-35
Global distribution of changes in surface temperature due to a doubling of CO, as projected by one model. (@) December—

February average; (b) June—August average. Contours every 2 C°; increases > 4 G° are stippled. From Mitchell (1989), used with
permission of the American Geophysical Union.

increase will probably lead to even greater relati
increases in runoff. More detailed studies in ¢
mid-latitudes predicted that global warming ¥
lead to shorter winters, reduced snowpacks
snowmelt runoff, larger winter floods, drier s
mers, and increased temporal variability. Interes

Even though the models in Boxes 3-4 and 3-5
are extremely simple, they give results that are in
general agreement with those of very complex gen-
eral-circulation models: the higher surface tempera-
tures will increase global precipitation [in the range
of from 3% to 11% (Wigley and Jones 1985)]; this
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FIGURE 3-36

Global distribution of changes in precipitation due to a doubling of CO, as projected by one model. (a) Decem-
ber—February average; (b) June-August average. Contours are 0, = 1, and = 2 mm day™; areas of decrease are
stippled. From Mitchell (1989), used with permission of the American Geophysical Union.

many observed changes, including increasing tude by 10° longitude) and contain only crude rep-

ow trends, are consistent, at least in direc- resentations of important hydrologic processes, es-
with model predictions (Box 3-3). pecially cloud formation and evapotranspiration.
However, we must keep in mind that there is The proportion of the increased atmospheric water
sderable uncertainty in the predictions of even vapor that becomes clouds, and the nature of those
most elaborate general-circulation models, be- clouds, cannot be predicted with certainty, but they

they operate on very large grid scales (8° lati- have pronounced effects on the earth’s heat bal-
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Following Wigley and Jones (1985), we begin with the
water-balance equation for a drainage basin [Equation
(2-16)]:

Q=P— ET, (3B4-1)

where @, P, and ET are long-term average values of
runoff, precipitation, and evapotranspiration, respective-
ly. Designating the runoff ratio, defined in Table 3-4, as
w, we have
Q=w-P (3B4-2)
and
ET=(1— w)-P. (3B4-3)

Now suppose a change in climate causes both precipita-
tion and evapotranspiration to change by the relative
amounts p and e, respectively, so that

P, =p-P (3B4-4)

Model for Estimating Effects of Climatic Change on Runoff

and
ET, = e- ET,, (3B4-5)
where subscript 0 indicates present values and subscript

1 indicates the new values. Combining Equations (3B4-
1)-(3B4-5), we can write

_ & _P - EhL

00 PO—ETO

p-Py = (¥ =)= 8- Fy
< PBh=(1=w-h

p = =ure
:————’_W #

(384-6)

Equation (3B4-6) gives the relative change in runoff
as a function of the present runoff ratio and the relative
changes in precipitation and evapotranspiration. Table 3-
4 gives values of wfor the world’s largest rivers, and Ex-
ercise 3-13 gives you an opportunity to experiment with
Equation (3B4-6).

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 CO,, 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
“trace” 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 have
its greatest effect on precipitation in South America
(Figure 3-38a), that deforestation in Southeast Asia
could affect precipitation over much of the north:
ern hemisphere (Figure 3-38b), and that drainage of
huge wetlands in the Sudan could affect precipita:
tion over much of Africa and Europe (Figure 3
38¢c).

Thus we see that the large-scale land-use
changes currently taking place could interact with
changes due to global warming, perhaps reinforci
them in some areas and weakening them in othe
Clearly there is much to learn about the global h
drologic cycle and its complex feedbacks wi
human activities, and there are many potenti
fruitful avenues of study. Eagleson’s (1986) sum
ry comments are an apt conclusion for this bri
overview of our current understanding:

Because of humanity’s sheer numbers and its &
creasing capacity to affect large regions, the hydrs
logic cycle is being altered on a global scale with
consequences for the human life support systes
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% change in
precipitation, p

E 3-37 200
7 changes due to various
“entage changes in precipita-
¢ as a function of runoff ratio,
W 2ssuming that future evapo-
‘piration is 70 % of the pre-
value (e = 0.7). Fora
a0 with w=0.2,a20% in-
-5 2 In precipitation yields a
(334. ; = than 200-% increase in
ubscript #. for w = 0.6, the increase 100
'S (3B4- 1be about 60%. Reprinted -
permission from Nature =
2y and Jones 1985), © E
. Macmillan Magazines Ltd. 5
H
Q
S
s
8
(34-6) 3
in runoff .
 relative
Table 3-
and Ex-
ent with
‘will have -100 s
1 America 0.0
1east Asia
he north-
rainage of
precipita- at are often counterintuitive. There is a growing
[Flgure 3- need to assess comprehensively our agricultural,
ban, and industrial activities, and to generate a
land-use ' body of knowledge on which to base plans for the
bract with - future. It seems safe to say that these actions must
1 . - come ultimately from global-scale numerical models
einforcing B the i ; 5 : t=tie
7 the interactive physical, chemical, and biological
in others. ~ systems of the earth. Of central importance among
global l}y— these systems is the global hydrologic cycle, and its
acks  with " 'lepresentation in these models presents many ana-
otentially Iytical and observational challenges for hydrologists.
)) summa-
this brief ~ As was noted in Section 1.3, a major challenge
hvdrologists is to establish the linkage between
ale and global-scale processes, and this
and its in- sonship is the subject of much current re-
the hydro- 1. The subsequent chapters of this book de-
scale with the basic aspects of the processes that
ort system rol the land phase of the hydrologic cycle and

0.4 0.6 0.8 1.0
Runoff ratio, w

provide the foundation necessary to establish those
links.

3.3 CLIMATE, SOILS, AND VEGETATION
3.3.1 Climate and Soils™

Soils are formed by the physical and chemical
breakdown of rock, and the types and rates of these
processes depend largely on temperature and the
availability of water. Thus climate, along with the
type of geologic parent material, the actions of
biota (which are largely determined by climate), the

"Much of the discussion in this section is based on Donahue et
al. (1983).
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Following Harte (1985), we formulate a simplified model
based on the global water balance depicted in Figure
3-16 and Table 3-1. This model can be used to evaluate
the effects of changes in evapotranspiration from land
and evaporation from the oceans on other flows and
stocks. These 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= global precipitation rate;
B= rate of precipitation on land;
Ps= rate of precipitation on sea;
(6)= rate of runoff from land to sea;
E= global evapotranspiration rate;
e rate of evapotranspiration from land;
Eis= rate of evapotranspiration from land of
water that falls as precipitation on the sea;
Eli= rate of evapotranspiration from land of
water that falls as precipitation on the land;
Es= rate of evapotranspiration from sea;
Ess = rate of evapotranspiration from sea of water
that falls as precipitation on the sea;
Eg = rate of evapotranspiration from sea of water

that falls as precipitation on the land.

All the above quantities have dimensions [L* T and
represent long-term average flux rates.
\We can write the following water-balance equations.

For the sea,

Pg=.Es + Eg — Q; (3B5-1)

Global Water-Balance Model

for the land,

PL = ELS B ELL S 0 (335'2)

The flux of water from land to sea must balance that
from sea to land, S0

0 I ELS = ESL! (335'3)

and it also must be true from the above definitions that

PL e ELL =+ ESL (3B5'4)

and

Ps = ELS = Ess. (335'5)

Taking values of Ps, P, and Q as given in Figure
3-16, we can use the above relations and one additional
equation to compute the values of the remaining water-
balance components under present conditions. The addi-
tional equation required expresses the ratio of land
evapotranspiration (E;) that subsequently falls as precip-
itation on land (E,,) to that which falls on the sea (E;9—

that is, the value of kin

E, = k- Es. (3B5-6)

The value of k is not known very precisely (but note
the discussion in the text of climatic models that attempt
to 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 taxonomic scheme defines 10 soil
orders covering all the soils of the world; classifica-
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 t
cal horizons is given in Figure 3-39, and the maj
features characterizing the soils in each order
given in Table 3-9.

The influence of climate on soil type incre
with the passage of time, reducing the influences
parent material and topography. Thus we would
pect a reasonably strong relation between clim
and soil type on a global scale. This is confirmed
Table 3-9 and by Figure 3-40, which shows
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The computations of the present-day water balance
. now proceed by the following steps, which are incor-

gerated in Exercise 3-12:

#1. Find P, P, and Q from Figure 3-16.

#2. Substitute Equation (3B5-6) in Equation (3B5-2) and
solve for E;s.

#3. Use this value of £ to find Eg from Equation
(3B5-5).

P4 Compute £, from Equation (3B5-6).

PS5 Use this value of £, to compute Eg from Equation
(3B5-4).

e present-day residence times for air, sea, and land
W= computed via Equation (2-27) by using the values for
e stocks given in Table 3-1.

Again following Harte (1985), we can use the above
“uuations as a model to calculate water-balance quanti-
under conditions in which change in land or sea
‘waporation is due to changes in climate or land use. For
wwample, we might postulate that (1) if the climate
warms, both £, and Eg will increase or (2) large-scale de-
“westation might reduce £,. The following steps, which
W= also incorporated in Exercise 3-12, can be used to
umpute future values of components [which are indi-
wated by primes ()]

| ;
#1. Assume future values of evaporation are related to
present values as

Ess' = Kg* Egs,
Es' = Ks* Eg,
Es=ifiEis,

and
By = K kg,

F2. Specify Ksand K, and use the relations in Step F1 to
compute future evaporation quantities.

F3. Use Equation (3B5-4) to compute P,".

F4. Use Equation (3B5-5) to compute P’

F5. Use Equation (3B5-2) to compute @’

As a first approximation, the model assumes that
the residence times of water in the atmosphere and on
land do not change under the new conditions; this allows
computation of the new volumes of water in those stocks
from Equation (2-27) as

VW =P -Tg (3B5-7)

and

VW =P Ty, (3B5-8)
where the V’ are the new volumes, the T, are the un-
changed residence times, and the subscripts A and L
refer to the atmosphere and land, respectively. The new
volume of water in the oceans is computed under the as-
sumption that the total volume of water on earth does
not change. Note that these assumptions do not account
for the melting of ice caps and glaciers or thermal ex-
pansion of water due to any temperature increase or for
any other climatic feedback effects.

wide distribution of soil orders; this map can
pared with Figures 3-12 and 3-19.
The occurrence of Entisols and some Incepti-
= determined primarily by recent geologic his-
and topography rather than climate, so soils of
s orders are found in many regions. Note, how-
that Inceptisols are widespread in the Arctic
Subarctic, where soil-forming processes pro-
only slowly. Inceptisols are also found on

rder are

ncreases
ences of
ould ex-
climate
rmed by
ows the

recent alluvial and colluvial deposits like those of
the Mississippi and Amazon valleys and the Himal-
ayas.

The development of soils of the remaining or-
ders is determined mostly by climatic factors, par-
ticularly annual temperature, annual precipitation,
and seasonal distribution of precipitation. Brief de-
scriptions of the distributions of these soils and
their relation to climate follow.
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Histosols are concentrated where more than 80% Aridisols occur in desert regions, which are con
of the growing season (defined as months with trated near 30° latitude. In South Amen
average temperature > 10° C) has > 40 mm of however, the zone of Aridisols extends so
precipitation (Lottes and Ziegler 1994). The ward from 30° in the rain shadow of the A
largest zones of Histosols are north of latitude and in Asia these soils are found near 40° in
50° N (Canada, British Isles). shadow of the Himalayas.

e —
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FIGURE 3-39

General features of typical hori-
zons resulting from soil-forming
processes. These horizons vary
in thickness in various soils (and
may be absent in some). Transi-
tion zones between horizons can
often be identified. [See, for ex-
ample, Donahue et al. (1983).]

(c)

Organic horizon containing decaying plant materials

Mineral horizon containining significant
decayed plant materials

Leached horizon—Mineral horizon from which fine
organic matter and clays have been removed by
percolating water

Accumulation horizon—Mineral horizon in which fine
- material percolating from above has accumulated

Unconsolidated material with little evidence
of soil-forming processes
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TABLE 3-9 o 2 =
Brief characterization of the 10 S shesvYeatures
world soil orders. Entisols Unconsolidated deposits with virtually no soil development

(e.g., recent alluvium, volcanic ash, desert sands). Cover
8.3% of world land surface.

Usually moist soils with weak to moderate development of
horizons due to cold climate, waterlogging, and/or lack of
time. Cover 8.9% 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!, usually under forests.
Cover 13.2% of world land surface.

Soils with well-developed organic, leached, and
accumulation horizons. Usually form in cool, wet climates
under forests. Cover 4.3% 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 5.6% 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.

Inceptisols

Histosols

Aridisols

Mollisols

Vertisols

Alfisols

Spodosols

Ultisols

Oxisols

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 semiarid 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 ar
have subhumid to humid climates and typi
support grassland, savanna, or hardw
forests.

Spodosols develop in well-drained sites in cool,
climates under hardwood and conifer for
They are widespread in the northeastern U
ed States and southeastern Canada and in
large belt north of 60° latitude in Scandina
and the former Soviet Union.

Most Ultisols are confined to within 20° of
equator, where climates are humid and s
tropical or tropical and soil-forming proce
are intense. There are also large areas of th
soils in the southeastern United States and &
southeastern China.

The extensively-weathered Oxisols are confined
the tropical and subtropical rain forests on

_— e —————
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“her side of the equator, where intense leaching
%5 been occurring for long periods of geologic
~ Bustory.

'-

‘The seasonal or continuous occurrence of soil
atures below 0 °C is a climatic factor with
ant hydrologic implications, because water in
. wolid state is essentially immobile. Hydrologi-
» significant seasonal freezing of soil occurs in
» winters over much of the northern hemi-
wr¢ land areas above 40° latitude (Figure 3-40).
er. the depth and extent of seasonal freezing
Sughly dependent on local surface conditions,
woally vegetative cover and snow depth, and on
severity of winter temperatures. Impermeable
‘n ground can significantly accelerate runoff
rain or snowmelt, and hence exacerbate flood-
¢ ' Dingman 1975).

~ Permafrost is the condition in which soils
or their underlying parent materials remain at
seratures below 0 °C throughout the year, with
2 thin surface layer thawing in the summer.
> 3-40 delineates areas in which this condition
spatially continuous and those in which it is dis-

2 stribution of soil orders. Map prepared by U.S. Department of Agriculture.

continuous;in the latter areas, permafrost is typical-
ly present under north-facing slopes and absent
under south-facing slopes (in the northern hemi-
sphere). Permafrost bottom depths range from
60-90 m at the southern edge of the continuous-
permafrost zone to up to 1000 m in northern Alaska
and arctic Canada (Brown and Péwé 1973). Per-
mafrost is almost always a barrier to the movement
of water (Williams and van Everdingen 1973), so its
presence controls the percolation of infiltrated
water and the movement of ground water and
thereby exerts a major influence on the hydrologic
cycle (Dingman 1973).

3.3.2 Climate and Vegetation

Whittaker (1975) identified six major structural
types of land vegetation: forest; woodland (domi-
nated by small trees, generally widely spaced and
with well developed undergrowth); shrubland
(dominated by shrubs, with total plant coverage ex-
ceeding 50% of the land area); grassland; scrubland
(dominated by shrubs, with plant coverage between
10 and 50%); and desert (plant coverage below
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TABLE 3-10
Biome types® identified by Whittaker (1975). Numbers correspond to Figure 3-42.
Structural Types
Forest Woodland Shrubland Grassland Scrubland Desert

Tropical rain Elfin woods (7) Temperate Savanna (12) Warm True deserts (20

forests (1) shrublands (11) semidesert
scrublands (17)

Tropical Tropical Alpine Temperate Cool Arctic-alpine
seasonal broadleaf shrublands (14) grasslands (13) semideserts (18) deserts (21)
forests (2) woodlands (8)

Temperate rain Thornwoods (9) Tundra (16) Alpine Arctic-alpine
forests (3) grasslands (15) semideserts (19)

Temperate Temperate
deciduous woodlands (10)
forests (4)

Temperate
evergreen
forests (5)

Taiga (6)

“Biomes 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 3-41.

Climate is the dominant control on the geo-
graphical distribution of plants (Woodward 1987),
and each biome-type is associated with a particular
range of mean annual temperature and mean annu-
al precipitation (Figure 3-42). The exact mechanism
by which climate affects vegetation type is the ob-
ject of current research. Eagleson (1982) has devel-
oped a theory in which climate, soil, and vegetative
type evolve synergistically: In drier climates, where
the availability 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 1987). 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. (1998) documented a close
relation between average leaf area and mean annu-
al precipitation across a range of climates.

‘___—

EXERCISES

Exercises marked with ** have been programim :
in EXCEL on the CD that accompanies this te
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 3-1 to expl
and compare the sensitivity of planetary temperat
(T,) to changes in (a) planetary albedo (a,) and (b)
solar flux (§). For comparisons, it is most meaningful
express sensitivity in relative terms, as the fracti
change in T, in response to a given fractional change in
and S.

3-2. Following the steps described in Box 3-2, den
Equation (5B2-4); then derive the expressions for 7,
T, in terms of T, and parameters.

#%3.3. In the model described in Box 3-2, the gr
house effect can be modeled by increasing the fraction.
of longwave radiation from the surface that is abso
in the atmosphere. Use the EXCEL pro.
SURFTEMP . XLS to explore the sensitivity of T to 1
creases in f. Graph 7 as a function of f (f < 1.00).

3-4. For the region in which you live, obtain informa
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 es
lish (a) the long-term average precipitation, runoff,
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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 shift the balance between woodland, shrubland, and grassland. Reprinted with per-

mission of Macmillan Publishing Co. from Communities and Ecosystems, 2nd ed., by Whittaker, © 1975
by R.H. Whittaker.

evapotranspiration, (b) the seasonal distribution of pre- 3-9 do they belong to? Are they consistent with the diste
cipitation and runoff, and (c) the runoff ratio (w in Box 3- butions shown in Figure 3-40?

4). Compare these values with those shown in Figures 3-6. What type of natural vegetation dominates the
3-19,3-20, 3-21, 3-24, 3-25, 3-26, and Table 3-2.

gion in which you live? (See Table 3-10.) Is this consist
with the average precipitation and temperature ran

3-5. For the region in which you live, obtain information shown in Figure 3-42?

from the U.S. Natural Resources Conservation Service ; .
(formerly Soil Conservation Service) or from other ap- 3-7. Why don’t the values in the columns O,f Tat;les 3
propriate federal or state agencies to determine the dom- and 3-2 add up to exactly the totals that are given?

inant types of soils (see Appendix G for Internet 3-8. Calculate the residence times for all the globa
information sources). Which of the 10 soil orders in Table reservoirs in Figure 3-16.




1he region in which you live, obtain information
“ipical concentration and composition of dis-
in river waters from reports of the U.S. Geo-
ey or other appropriate federal or state
. (Sce Appendix G for Internet information
»  Compare these values with the information in
and 3-6 and Figures 3-28 and 3-29.

the region in which you live, obtain informa-
typical concentration of particulate matter in
from reports of the U.S. Geological Survey or
wropriate federal or state agency. (See Appendix
srnet information sources.) Compare these val-

the information in Table 3-7 and Figures 3-30

1 se data from Tables 3-1 and 3-7 to determine (a)
“tion of the global annual runoff passes through
in a year; (b) what fraction of the earth’s fresh
ses through your body in a typical lifetime of 70
wming you use 100 gal day™ of water for various
(¢) What fraction of the global annual runoff do
in a year? (d) What fraction of the earth’s fresh
5 you use in a lifetime?

Exercises 93

#%3-12. The model described in Box 3-5 can be used to
simulate the effects of changes in land evapotranspiration
and/or ocean evaporation on the global water balance.
(a) Use the EXCEL program WATBALEX.XLS to esti-
mate the response of land precipitation and runoff to in-
creases of up to 12% in ocean evaporation (which might
be induced by global warming); show results on a graph.
(b) Use the same program to explore how increases and
decreases in land evapotranspiration would enhance or
weaken the effects of increased ocean evaporation. (c)
Repeat parts (a) and (b), using different values of k, to
determine the sensitivity of the results to that parameter.

*#3-13. The model described in Box 3-4 can be used to
simulate the effects of changing precipitation or evapo-
transpiration (or both) on runoff from a particular
drainage basin or region. (a) Refer to Figure 3-37 (which
is for e = 0.7) and estimate the changes in runoff due to a
range of changes in precipitation for the region in which
you live. (Use the value of w determined in Exercise
3-4.) Use the EXCEL program DRODPDE . XLS to create
graphs similar to Figure 3-37, but for (b) e = 1; (c) e = 1.1.



	P36
	P37
	P38
	P39
	P40
	P41
	P42
	P43
	P44
	P45
	P46
	P47
	P48
	P49
	P50
	P51
	P52
	P53
	P54
	P55
	P56
	P57
	P58
	P59
	P60
	P61
	P62
	P63
	P64
	P65
	P66
	P67
	P68
	P69
	P70
	P71
	P72
	P73
	P74
	P75
	P76
	P77
	P78
	P79
	P80
	P81
	P82
	P83
	P84
	P85
	P86
	P87
	P88
	P89
	P90
	P91
	P92
	P93

