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The Hydrological Cycle and
the Global Water Budget

1.1 The Hydrological Cycle

The motion of water can be described at many different scales. The fundamental concept of
hydrology is the hydrological cycle — the global-scale, endless recirculatory process linking
water in the atmosphere, on the continents, and in the oceans. We can think of this
recirculatory process in terms of reservoirs or compartments that store water ( the oceans,
atmosphere , etc. ) and the movement of water between them. Within the various compartments
of the hydrological cycle, water can be stored in any one of three separate phases or states: gas
(vapor), liquid or solid. For example, water in the atmosphere can exist as vapor ( the
concentration of water vapor is expressed as humidity ) , in liquid ( cloud droplets, rain drops) ,
or in solid phase (ice crystals, snowflakes). Similarly, all three phases of water can be found
on and below the land surface. Movement of water from one compartment to another can occur
in any of the three phases. For example, the movement of water between the oceans and
atmosphere occurs in vapor phase ( evaporation from the ocean surface), liquid phase ( rain
onto the ocean surface) , and solid phase ( snowfall onto the ocean surface).

Solar energy drives the hydrological cycle, gravity and other forces also play important
roles. The dynamic processes of water vapor formation and transport of vapor and liquid in the
atmosphere are driven largely by solar energy. Precipitation and the flow of water on and
beneath the Earth’s surface are driven primarily by gravity. Within partially dry soil,
gravitational and other forces are responsible for the movement of water.

The hydrological cycle can be considered to “start” anywhere, but let us consider
atmospheric water first ( Figure 1. 1). As hydrology is concerned mainly with water at or near
the Earth’s surface, from our point of view the dominant process involving atmospheric water
is the precipitation of water upon the land surface. The portion of the precipitation that reaches
the land surface as solid precipitation ( mostly snowfall) can be retained temporarily on
vegetation or ground surfaces, or accumulate in seasonal snowpacks or in permanent
snowpacks known as glaciers. Considering liquid precipitation ( rain) , a portion also can be
retained temporarily on vegetation surfaces or in surface depressions, a portion enters the soil

(infiltration) and a portion flows over the land surface first into small rivulets and ultimately
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into larger streams and rivers. This last process is called surface runoff, which can be
augmented by runoff during periods of snowmelt ( snowmelt runoff). The portion of rainfall
that infiltrates into the soil can also follow one of several paths. Some of the water evaporates
from the soil and some is returned to the atmosphere by plants ( transpiration). We often refer
to the total evaporation and transpiration from vegetated land surfaces by the term
evapotranspiration. The remaining water continues to move downward through the soil and
recharges the saturated portion of the subsurface, becoming groundwater. At lower
elevations, groundwater discharges into streams and rivers, or directly to the ocean
( groundwater runoff) . Water evaporates from the surface of the oceans and thereby
replenishes the water in the atmosphere. Thus we have returned to the particular compartment
that we considered first, atmospheric water.

ain
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Figure 1.1 Mechanisms of water movement within the hydrological cycle
Water movement from the atmosphere to the oceans and continents occurs as precipitation, including rain, snow,
sleet, and other forms. On the continents, water may be stored temporarily, but eventually returns to the oceans

through surface and groundwater runoff or to the atmosphere through evapotranspiration

1.2 The Global Water Budget

The hydrological cycle can be described quantitatively by applying the principle of
conservation of mass, which often is referred to as a water balance or water budget when used
in this way. A simple statement of conservation of mass for any particular compartment
(usually referred to as a control volume) is that the time rate of change of mass stored within
the compartment is equal to the difference between the inflow rate and the outflow rate. For
example, if we are adding two grams of water to a bucket every minute and one gram of water
is leaking out each minute, then the mass stored within the bucket is increasing at the rate of
one gram per minute. Symbolically, we can write this as:

dM _
dr -
where M is mass within the control volume [ M ]; ¢ is time [ T|; I' is mass inflow rate

I'-0' (1.1)
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[MT ']; O'is mass outflow rate [ MT "' |]. The expressions in square brackets are the mass-
length-time dimensions associated with the defined quantity; for example, the dimensions of I
are mass per time or [ MT ' ].

In many instances, the density of water can be taken as approximately constant and the
conservation law expressed in terms of volume. The terms involving mass in Equation (1.1)
can be expressed in terms of density times volume and density can be canceled from both sides
of the equation. Thus, Equation (1. 1) can be rewritten as:

dv

T I1-0 (1.2)
Where V is volume of water within the control volume [ L’ ] ; 7 is volume inflow rate [ L’T '] ;
O is volume outflow rate [ L’T ' ].

We can construct a global water budget by applying the principle of mass conservation
[ Equation (1.2) |, using the continents as our control volume. The quantity V is then the
volume of water stored on or within the continental land masses. Inflow is precipitation and
outflow consists of evapotranspiration ( evaporation and transpiration combined ) and runoff
(both surface water and groundwater). Note that in addition to ignoring density variations we
must express the rate of evaporation or transpiration — outflows of water vapor from the
continents to the atmosphere — in “liquid water equivalent” or LWE units. Otherwise, density
is varying ( water vapor is much less dense than liquid water) , and mass, rather than volume,
is the conserved quantity.

If we consider only average annual conditions for our water budget, the dV/dr term in
Equation (1.2) becomes negligible. That is, over a period of years the average amount of
water stored as ice (icecaps and glaciers ), as surface water (rivers and lakes) and as
subsurface water ( groundwater) does not change significantly. Over much longer time periods
such as centuries or millennia this may not be true if there is a dramatic shift in climatic
conditions. If there is no change in storage over time, we say that the system is at steady state.
For any given control volume at steady state, a completely general water budget equation can be
written (using bars over the terms to indicate that they are annual average quantities) ;

((ii—i/=0=ﬁ+;“‘+'?ﬂ*_r_“’_r_ﬂ“_a (1.3)
where V is average volume of water stored, and assumed to be constant; p is average
precipitation rate; r is average surface water inflow rate; 7, is average groundwater inflow
rate; 1, is average surface water outflow rate; 7,, is average groundwater outflow rate; ef is
average evapotranspiration rate. All terms in the equation have dimensions of volume per time
[L’T ']. For the continents, we will simplify Equation (1.3) by neglecting the inflows and
outflows of groundwater, because they tend to be very small. We also will neglect surface
water inflows, because éurface water flows from the continents to the oceans, and will refer to
surface water outflows as runoff, r.. With these simplifications, Equation (1.3) becomes:
V
t

o

=p-r-el=0 (1.4)

=B
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or

p=r ot (1.5)
where p is average precipitation rate [ L*T ™' | ; 7, is average surface runoff rate [ L’T '] ; efis
average evapotranspiration rate [ L’T ' ].

To quantify the global hydrological cycle we can examine the relative sizes of the various
storage compartments and the magnitudes of the various flows to and from these compartments
(Figure 1.2). Nearly 97% of all water on the Earth is stored in the oceans, while only about
0.001% is stored in the atmosphere ( Table 1.1). Considering only freshwater ( defined as
having a concentration of total dissolved solids less than 0. 5 parts per thousand and considered
potable ) , which accounts for about 2. 5% of the total storage, 69. 6% is contained in the polar
icecaps and glaciers while 30. 1% is contained in groundwater. The freshwater contained in
lakes, streams, rivers, and marshes represents only 0. 296% of all freshwater and 0. 008% (80
drops in a million!) of all water on the Earth. Another useful concept for thinking about the
size of the various reservoirs in relation to the flows of water into and out of them is the
residence time. The residence time, 7,[ T, is a measure of how long, on average, a molecule
of water spends in that reservoir before moving on to another reservoir of the hydrological
cycle. The residence time is easily calculated for systems at steady state, when the inflow and
outflow rates are identical ;

LV
S |

The residence time has dimensions of time, because volume divided by volume per time is

(1.6)

time. The residence time provides an indication of the time scales for flushing a solute out of
that particular reservoir. Water in the oceans has a residence time approaching 3000 years,

while water in the atmosphere has a residence time of only 0. 02 years or about 8 days; the

on land

&
[

Precipitation
NN

Evapotranspiration o,
from land

4 Precipitation
on oceans

i

Evaporation
from oceans

Figure 1.2 Flows within the hydrological cycle
Units are relative to the annual precipitation on the land surface (100 =119 x 10" m*/a). Upward
arrows depict flows to the atmosphere, downward arrows depict flows to land or oceans, and horizontal

arrows indicate lateral flows



residence time of water in rivers is 0. 05 years or about 18 days ( Table 1. 1).

Table 1.1 Sizes and residence times for major reservoirs in the hydrological cycle

Volume/ (10°m?) | Percentage of total/% | Percentage of freshwater/% | Residence time/a

Water in land areas 47971710 3.461

Fresh lakes 91000 0. 007 0.26

Saline lakes 85400 0. 006 4.0

Rivers 2120 0. 0002 0. 006 0.05

Marshes 11470 0. 0008 0.03

Soil moisture 16500 0. 0012 0.05

Fresh groundwater 10530000 0.76 30.1 20000

Saline groundwater 12870000 0.93

Biological water 1120 0. 0001 0. 003

Icecaps and glaciers 24364100 1.76 69.6
Atmosphere 12900 0. 001 0.04 0.02
Oceans 1338000000 96. 438 2650
Total 1385984610 100 100

The water budget for all the land areas of the world is: p =800 mm, r, =310 mm, and
et =490 mm ( Figure 1.2) (Note that we now are referring to the volumes divided by the areas
being considered. It is sometimes more convenient to use depth rather than total volume,
because the volumes can be quite large; also, we are probably more familiar with the
statement, “20 mm of precipitation was recorded at Smith Airport” than “ Smith Airport
received 20000 m” of water” ). On average, 39% of precipitation to the continents runs off and
61% is returned to the atmosphere through evapotranspiration. In other words, the runoff ratio
(r./p) is equal to 0. 39. The balance is, of course, affected by many topographic and climatic
factors and the budgets for individual continents can be quite different from the average ( Table
1.2). The budget for North America is p =670 mm, 7, =290 mm, and e =380 mm. Thus, in
North America 43% of precipitation runs off and 57% evapotranspires on average.

Table 1.2 Average annual water budget for the continents excluding Antarctica "

Continent Area /(10°km?) p/mm 7./mm et/mm Runoff ratio(7./p)
Africa 30.3 690 140 550 0.20
_ Asia 45 720 290 430 0.40
Australia 8.7 740 230 510 0.31
Europe 9.8 730 320 410 0. 44
North America 20.7 670 290 380 0.43
South America 17.8 1650 590 1060 0.36

* Values for average annual precipitation, runoff, and evapotranspiration are reported as depths of water over each land
area. The total volume may be calculated by converting the depths to km and multiplying by the land areas. Note that several

estimates of these quantities exist, all of which are uncertain to some degree.

( Source: Homberger et al. , 1998)
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Groundwater and
Aquifers. Definitions

Groundwater, or subsurface water, is a term used to denote all the waters found
beneath the surface of the ground. However, the groundwater hydrologist is primarily
concerned with the water contained in the zone of saturation and uses the term groundwater
to denote water in this zone. In drainage of agricultural lands, or agronomy, the term
groundwater is sometimes used also to denote the water in the partially saturated layers
above the water table. Practically all groundwater can be thought of as part of the
hydrologic cycle ( Figure 2. 1). Very small amounts, however, may enter the cycle from

other sources (e. g. , magmatic water).

Movement of moist
l l l l l l é Movement of air masser~=~
Precipitation

(on land)

Sublimation

Snow and ice l l l ‘

Precipitation
(on the ocean)

Surface runoff Transpiration
. Evapotranspiration
(from vegetation) *E

River )
Evaporation

L L]

> = Ocean

ET=Evapotranspiration
E=Evaporation

SR=Surface runoff
Infiltrati

e

5%
o
o
£
kS
R
x0o
Q-

Figure 2. 1 Schematic diagram of hydrologic cycle

An aquifer is a geologic formation, or a group of formations, which (1) contains water and
(2) permits significant amounts of water to move through it under ordinary field conditions.
Other terms often used are: groundwater reservoir (or basin) and water-bearing zone ( or

formation). Todd in 1959 traced the term aquifer to its latin origin:aqui comes from aqua,
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meaning water, and -fer, from ferre, to bear.

In contradistinction, an aquiclude is a formation which may contain water ( sometimes in
appreciable quantities ) ,but is incapable of transmitting significant quantities under ordinary field
conditions. A clay layer is an example of an aquiclude. For all practical purposes, an aquiclude
is considered an impervious formation.

An aquitard is a geologic formation which is of a semipervious nature: it transmits
water at a very low rate compared to the aquifer. However, over a large ( horizontal) area,
it may permit the passage of large amounts of water between adjacent aquifers which it
separates from each other. It is often referred to as a semipervious formation or a leaky
formation.

An aquifuge is an impervious formation which neither contains nor transmits water.

That portion of the rock formation which is not occupied by solid matter is the void space
(or pore space). In general, the void space may contain in part a liquid phase ( water) , and in
part a gaseous phase (air). Only connected interstices can act as elementary conduits within the
formation. Interstices may range in size from huge limestone caverns to minute subcapillary
openings in which water is held primarily by adhesive forces. The interstices of a rock formation
can be grouped in two classes: original interstices ( mainly in sedimentary and igneous rocks )
created by geologic processes at the time the rock was formed, and secondary interstices,
mainly in the form of fissures, joints, and solution passages developed after the rock was

formed.

( Source: Bear, 1979)
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Moisture Distribution in
a Vertical Profile

Subsurface formations containing water may be divided vertically into several horizontal
zones according to the relative proportion of the pore space which is occupied by water.
Essentially, we have a zone of saturation in which all pores are completely filled with water,
and an overlying zone of aeration in which the pores contain both gases ( mainly air and water
vapor) and water.

Figure 3.1 shows a schematic distribution of subsurface water in a homogeneous soil.
Water (e.g. , from precipitation and/or irrigation ) infiltrates through the ground surface,
moves downwards, primarily under the influence of gravity, and accumulates, filling all the
interstices of the rock formation, above some impervious bedrock. The saturated zone in Figure
3.1 is bounded from above by a water table ( phreatic surface). We shall see below that under
different circumstances, the upper boundary can be an impervious one. The term groundwater is
used by groundwater hydrologists to denote the water in the zone of saturation. Wells, springs,
and effluent streams act as outlets of water from the zone of saturation. The phreatic surface is
an imaginary surface at all points of which the pressure is atmospheric ( conveniently taken as
p=0). In Figure 3. 1 it is revealed by the level at which water stands in a well just penetrating
the aquifer. When the flow in the aquifer is essentially horizontal, the depth of penetration is
immaterial. Actually saturation extends a certain distance above the water table, depending on
the type of soil.
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Figure 3.1 The schematic distribution of subsurface water

Zone of
saturation

The zone of aeration extends from the water table to the ground surface. It usually consists

of three subzones:the soil water zone (or belt of soil water) , the intermediate zone (or vadose
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