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FIGURE 1-1
Principal storages (boxes) and
pathways (anows) of water in the
global hydrologic cycle.

FIGURE 1.2
Principal storages (boxes) and
pathways (anows) of water in the
land phase of the hydrologic
cycle.
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ground-water flow.This ignorance lasted until 1856,
when the French engineer Henry Darcy established
the basic phenomenological law of flow through
porous material. The 1800s also saw many advances
in fluid mechanics, hydraulics, and sediment trans-
port by Poiseuille, DuPuit, DuBoys, Stokes, Man-
ning, Reynolds, and others whose names have
become associated with particular laws or princi-
ples.

Tieatises on various aspects of hydrology, be-
ginning with the Englishman Nathaniel Beard-
more's Manual of Hydrology in 1862, appeared
with increasing frequency in the last half of the
19th century. Many of these works examined rela-
tions between rainfall amounts and streamflow
rates, answering the need to estimate flood flows
for the design of bridges and other structures. This
was the beginning of a close association between
hydrology and civil engineering;the first English-
language texts in hydrology were those of Daniel
Mead in 1904 and Adolf Meyer in 1.919, which
were written for civil engineers (Eagleson et al.
1991). This association has in some respects en-
hanced, but in other respects has possibly inhibit-
ed, the development of hydrology as a science
(Kleme51986).

The first half of the twentieth century saw great
progress in many aspects of hydrology and, with
the formation of the Section of Scientific Hy-
drology in the International Union of Geodesy and
Geophysics (1922) and the Hydrology Section of
the American Geophysical Union (1930), the flrst
formal recognition of the scientific status of hy-
drology. Among those contributing notably to ad-
vances in particular areas in the early and middle
decades of the century were the following:
A. Hazen, E.J. Gumbel, H.E. Hurst, and WB. Lang-
bein in the application of statistics to hydrologic
data; O.E. Meinzer, C.V. Theis, C.S. Slichter, and
M.K. Hubbert in the development of the theoreti-
cal and practical aspects of ground-water hy-
draulics; L. Prandtl, T. Von K6rm6n, H. Rouse, V.T.
Chow. G.K. Gilbert. and H.A. Einstein in stream
hydraulics and sediment transport; R.E. Horton
and L.B. Leopold in the understanding of runoff
processes and quantitative geomorphology; W.
Thornthwaite and H.E. Penman in the understand-
ing of climatic aspects of hydrology and in the mod-
eling of evapotranspiration; and A. Wolman and
R.S. Garrels in the understanding and modeling of
water quality.

FIGURE 1.4
Hydrologic science in the hierarchy from basic sciences to
water-resources management (After Eagleson et al (1991).

the Frenchmen Pierre Perrault and Edm6 Mar-
riotte: In the 1670s and 1680s, they published mea-
surements and calculations that quantitatively
verified the rainfall origin of streamflow. Shortly
after (ca. 1700), the English scientist Edmund
Halley extended the quantification of the hydro-
logic cycle by estimating the amounts of water in-
volved in the ocean-atmosphere-rivers-ocean
cycle of the Mediterranean Sea and its surround-
ing lands.

The 18th century saw considerable advances in
applications of mathematics to fluid mechanics and
hydraulics by Pitot, Bernoulli, Euler, Ch6zy, and
others in Europe. Use of the term "hydrology" in
approximately its current meaning began about
1750. By about l-800, the work of the English physi-
cist and chemist John Dalton had firmly estab-
lished the nature of evaporation and the present
concepts of the glo'bal hydrologic cycle (Nace
1974), and Lyell, Hutton, and Playfair had pub-
lished scientific work on the fluvial erosion of
valleys. Routine network measurements of precipi-
tation began before 1800 in Europe and the United
States and were well established there and in India
by 1820.

One of the barriers to understanding the hy-
drologic cycle was ignorance of the process of
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rate, we can often use physical principles to derive
the functional relation between them:

q :  f ( x ) . (1-1)

However, we are usually interested in the rate q
averaged over a region (e.g., a watershed) or a peri-
od of time (e.9., a day) or both. If relation (1-1) is
linear, we can measure spatial or temporal averages
ofx (denoted as 7) and compute the average flow
rate (q) as

source of such information) and good knowledge of
f(x),we might not be able to make good estimates
o t 4 ,

Thus, although the basic physical principles de-
scribed in this text are powerful tools, the degree of
knowledge that can be obtained with them is
bounded, almost always by the limited spatial and
temporal availability (and often the quality) of the
data that characterize the field situation, and some-
times by the inherent problem of scaling as repre-
sented by Equation (1-3). Hydrologistb must be as
aware of these limitations as they are of the tools
themselves. Thus, I have tried to point out the as-
sumptions behind each conceptual approach and
the difficulties in applying it, because

It ain't so much the things we don't know that gets

us in trouble. It's the thines we know that ain't so.3

q:  f  G) .
If, however, the relation is nonlinear,2

(r-2)

(1-3) 's+ f  G) .
This means that, even if we have information about
- (and the use of satellite-based and other remote-
ly-sensed information is an increasingly valuable

2 You can easily demonstrate that relation (1-3) is true by some
calculations with a simple nonlinear relation such as q = x2 or q =
ln(x) .

'I have seen this quote attributed to three American humorists:
Artemus Ward (pseudonym of Charles Farrar Browne), Mark
Twain, and Will Rogers. Thke your pick.
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Chapter 2 . Basic Hydrologic concepts

TABTE 2-1
Summary of Basic Laws of Classical Physics Most Often Applied in
Hydrologic Analyses

Conseryation of Mass

Mass is neither created nor destroyed.

Newton's Laws of Motion

1. The momentum of a body remains constant unless the body
is acted upon by a net force (conservation of momentum).

2. The rate of change of momentum of a body is proportional
to the net force acting on the body and is in the same direc-
tion as the net force. (Force equals mass times acceleration.)

3. For every net force acting on a body, there is a corresponding
force of the same magnitude exerted by the body in the op-
posite direction.

Laws of Thermodynamics

1. Energy is neither created nor destroyed (conservation of
energy).

2. No process is possible in which the sole result is the absorp-
tion of heat and its complete conversion into work.

Fick's First Law of Diffusion

A diffusing substance moves from where its concentration is
larger to where its concentration is smaller at a rate that is pro-
portional to the spatial gradient of concentration.

ing outputs of that quantity. The region is some-
times called the control volume. Note that a control
volume can be defined to include regions that
are not physically contiguous (e.g., the world's
glaciers).

A conservative quantity is one that cannot be
created or destroyed within the system. In the
branch of physics known as mechanics, there are
three conscrvative quantities: (1) mass 1lM] or
[F LiT'z]); (2) momentum ([M L T-r] or [FT]);and
(3) energy ([M L'zT'] or [F L]).In many hydrologic
analyses, it is reasonable to assume that the mass
density (mass per unit volume, [M L-']) of water is
effectively constant; in these cases, volume [L3] (i.e.,
[M]/ [M Li]) is treated as a conservative quantity.
However, mass density is a function of temperature
(Section 8.2.1),so this assumption might not always
be warranted.

The storages and flows in Figures 1-1 and 1-2
are linked systems. The outer dashed line in Figure
1-2 indicates that any group of linked systems can
be aggregated into a larger system; the smaller sys-
tems could then be called subsvstems.

2.3 THE CONSERVATION EOUATIONS
The basic conservation equation can be stated in
words as follows:

The amount of a conservative quantity entering a
control volume during a defined time period, minus
the amount of the quantity leaving the volume dur-
ing the time period, equals the change in the amount
of the quantity stored in the volume during the time
period.

Thus, the basic conservation equation is a general-
ization of the conservation of mass, Newton's first
law of motion (when applied to momentum), and
the first law of thermodynamics (when applied to
energy). (See Thble 2-1.)

In condensed form. we can state the conserva-
tion equation as

Amount In - Amount Out
: Change In Storage, (2-l)

but we must remember that the equation is true
only (1,) for conservative substances, (2) for a de-
fined control volume, and (3) for a defined time pe-
riod.

If we designate the amount of a conservative
quantity entering a region in time period Lt by I,
the amount leaving during that period by Q, and
the change in storage over that period as A.S, we
can write Equation (2-1) as

r -Q:as. (L2l

Another useful form of the basic conservation
equation can then be derived by dividing each of
the terms in Equation (2-2)by A,t:

r Q A S
L ,  

-  
L , :  A r '  

( b 3 l

If we now define the average rates of inflow,tlt1,zfld
outflow, mg,for the period Ar as follows:

^,=L, -  a t ,

^o=* ,

we can write Equation (2-2) as
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10 Chapter 2 . Basic Hydrologic concepts

heat and water vapor with the atmosphere (Sec-
tion D.6).

2.4 THE WATERSHED (DRAINAGE BASTN)
2.4.1 Del ini t ion

Hydrologists commonly apply the conservation
equation in the form bf a water-balance equation to
a geographical region in order to establish the basic
hydrologic characteristics of the region. Most com-
monly, the region is a watershed (also called
drainage basin, river basin, or catchment), defined
as the area that appears on the basis of topography
to contribute all the water that passes through a
given cross section of a stream (Figure 2-2).The sur-
face trace of the boundary that delimits a watershed
is called a divide. The horizontal projection of the
area of a watershed is called the drainage area of
the stream at (or above) the cross section.

The watershed concept is of fundamental im-
portance because the water passing through the
stream cross section at the watershed outlet origi-
nates as precipitation on the watershed2 and be-
cause the characteristics of the watershed control
the paths and rates of movement of water as it
moves to the stream network. Hence, watershed ge-
ology, topography, and land cover determine the
quality of ground water and of surface water as well
as the magnitude and timing of streamflow and of
ground-water outflow As William Morris Davis
stated in 1899,

[O]ne may fairly extend the "river" all over its [wa-
tershed] and up to its very divides. Ordinarily
treated, the river is like the veins of a leaf; broadly
viewed it is like the entire leaf.

Thus the watershed can be viewed as a natural
landscape unit, integrated by water flowing through
the land phase of the hydrologic cycle and, although
political boundaries do not generally follow water-
shed boundaries, water-resource and land-use plan-
ning agencies recognize that effective management

2As discussed in Section 2.5.2, there are situations in which
ground-water inflow from adjacent watersheds contributes a
portion (usually minor) of the flow of a stream.

of water quality and quantity requires a watershed
perspective.

The location of the stream cross section that
defines the watershed is determined by the purpose
of the analysis. Hydrologists are most often inter-
ested in delineating watersheds above stream-gag-
ing stations (where streamflow is measured; see
Appendix F), or above points at which some water-
resource activity takes place (e.g., a hydroelectric
plant, a reservoir, a waste-discharge site, or a loca-
tion where flood damages are of concern).

There are an infinite number of points (cross
sections) along a stream, so an infinite number
of watersheds can be drawn for any stream. As
indicated in Figure 2-2, upstream watersheds
are nested within, and are part of, downstream
watersheds.

2.4.2 Delineation

The conventional manual method of watershed de-
lineation requires a topographic map (or stereo-
scopically viewed aerial photographs). To trace the
divide, start at the location of the chosen stream
cross section, then draw a line away from the left or
right bank, maintaining it always at right angles to
the contour lines.Continue the line until it is gener-
ally above the headwaters of the stream network
and its trend is generally opposite to the direction
in which it began. Finally, return to the starting
point and trace the divide from the other bank,
eventually connecting it with the first line.

Frequent visual inspection of the contour pat-
tern is required as the divide is traced out to assure
that an imaginary drop of water falling streamward
of the divide would, if the ground surface were
imagined to be impermeable, flow downslope and
eventually enter the stream network upstream of
the starting point. A divide can never cross a
stream, though there are rare cases where a divide
cuts through a wetland (or, even more rarely, a
lake) that has two outlets draining into separate
stream systems. The lowest point in a drainage basin
is always the basin outlet, i.e. (the starting point for
the delineation). The highest point is usually, but
not necessarily, on the divide.

Increasingly, topographic information is be-
coming available in the form of digital elevation
models (DEMs). These are computer data files that
give land-surface elevations at grid points. Al-
though it is not an entirely straightforward exercise,
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12 Chapter 2 . Basic Hydrologic concepts

FIGURE 2.3
Schematic diagram of a watershed, showing the components
of the regional water balance: P= precipitation, Ef= 0vlP0-
transpiration, 0 = stream outflow, 6in = ground-water inflow,
@or, = ground-water outflow.

then show how actual water-balance measurements
are used to estimate regional evapotranspiration
(defined in the next section).

2.5.1 The Water-Balance Equation

Consider the watershed shown in Figure 2-3. For
any time period of length A/, we can write the
water-balance equation as

P + Gi, - (Q + ET + Gout) : AS, (2-10)

where P is precipitation (liquid and solid), G,, is
ground-water inflow (liquid), Q is stream outflow
(liquid), ET is evapotranspiration3 (vapor). Gou, is
ground-water outflow (liquid), and AS is the
change in all forms of.storage (liquid and solid)
over the time period. The dimensions of these quan-
tities are [L3] (or, if divided by drainage area, [L]).
If we average these quantities over a reasonably
long time period (say, many years) in which there
are no significant climatic trends or geological
changes and no anthropogenic inputs, outputs, or

'Evapotranspiration is the total of all water that leaves a region
via direct evaporation from surface-water bodies, snow, and ice,
plus that which is evaporated after passing through the vascular
systems of plants (transpiration; the process is described in
Chapter 7).

storage modifications, we can usually assume that
net changes in storage will be effectively zero and
write the water balance as

Pp * Fci, 
- 

lt"g + Pr1 * Poour): o, (2-ll)

where p denotes the time average of the subscript
quantity and the dimensions are now [L3T*1] or [L
T-'1.

The total amount of liquid water leaving the re-
gion is called the runoffa RO,for the region.There-
fore,

P n o =  F g t  P c o u r (Ln)

The amount of liquid water actually "produced" in
the region is called the hydrologic production, fI:

tt1 = lte * ltcou, 
- 

PGir: Pr 
- 

Por. (Ll3)

From Equations (2-11) and (2-12),

Pno: lrp r ltcin - Itnr. Q-14)

Because watersheds are defined topographically
and ground-water flow is driven by gravity,s we can
usually assume that G6 is negligible and write the
water-balance equation as

lLno = Fg + Fco,,: Fp - Pnr. (L15)

Evaluation of the terms in the water-balance
equation provides the most basic information about
a region's hydrology. The runoff represents the
water potentially available for human use and man-
agement and hence, the quantity of water resource
available from a given region. However, as we will
explore later in this chapter, the temporal variabili-
ty of runoff must be evaluated in assessing actual
water-resource availability.

As we will see in Chapter 7, evapotranspiration
is determined largely (but not solely) by meteoro-
logic variables (solar radiation, temperature, hu-
midity, and wind speed), so both precipitation and
evapotranspiration can be considered to be exter-
nally imposed climatic'boundary conditions.' Thus,

aNote that hydrologists also use the term "runoff'to denote
overland flow, which is discussed in Chapter 9.
sThe geometry of regional ground-water flows is extensively de-
scribed in Chapter 8.
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Box 2-1
Evaluation of Ghanges in Watershed Storage

lf Sr represents the watershed storage at the end of year
i and A$ the change in storage over year r, then the av-
erage change in storage over an /V-year period, rn or, is

S r v - S
(281 -1)fias :

N .

Thus. rno, will be small if Srv - S is smallor /Vis large.
As noted in the text, S,u - S can be minimized by
choosing the beginning of the water year to be at a time
when the year-to-year variability of storage is minimal.

Using the BR00K watershed model (Section 2.9.5)
to simulate monthly evapotranspiration and soil-mois-
ture storage over a S0-year period in New Hampshire,
Hartley (1 990) explored the consequences of using water
years beginning on the first of each month. As shown in
the table, she found a considerable variation in the sta-

tistics of annual storage changes depending on the
month chosen as the beginning of the water year: choos-
ing April gave the least year{o-year variability; choosing
September gave the most. However, it turned out that the
error in estimating average evapotranspiration intro-
duced by assuming AS : 0 was less than 5% after no
more than two years regardless of the month selected.

Thus this study suggested that, although choosing
different beginning times for water years leads to very
ditferent AS values, assuming AS : 0 does not intro-
duce significant error into water-balance estimates of
evapotranspiration in this region if the averaging period
exceeds a few years. However, ground-water and lake
or wetland storage were not included in the simulation,
and the conclusion might be ditferent where these are
important.

Water Year Beginning lst of

OctsepaprJan Feb Mar May Jun Jul Aug Dec

,r?asl (mm)
so5 (mm)"

Maximurn lASl (mm)
Yearsfor < 5%

Error in mu,

13.6 9.6
19.L 12.7
62.8 32.9

25.0 26.3 27.4
30.0 33.5 38.2
62.3 96.3 106.8

15.5 20.7
19.6 27.5
52.4 81.9

29.3
37.4
93.3

z

30.5
4I.6

t17.2

24.7
J Z . +

78.0

14.4
I  / . )

A 1  1

JO.J

c 3 -  I

77.9

2

ustandard deviation of AS

be calculated as the spatial average of temporally
averaged precipitation-gage measurements made
for many years in or near the region.

As discussed in Section 4.2.2,meastrements of
precipitation at individual gages are subject to error
from several causes, and additional error is intro-
duced in the process of computing areal averages.
Thus, estimates of long-term (annual or longer)
total (or average) areal precipitation typically have
relative uncertainties on the order of 10% (i.e., the
true value is taken to be within 10% of the estimat-
ed value) (Winter 1981). In regions of high relief or
with few or poorly distributed gages, or for shorter
measurement periods, the uncertainty can be con-
siderably larger.

Accuracy of Streamflow Values In the application of
Equation (2-16), it is assumed that ms can be cal-
culated as the temporal average of streamflow
measurements made at the watershed outlet for
many years.

Winter (1981) estimated that the measurement
uncertainty for long-term average values of stream-
flow at a gaging station is on the order of t5%.
(The accuracy of such measurements is discussed
further in Section F.2.4.) Where &a is estimated for
locations other than carefully maintained gaging
stations, the uncertainty can be much greater.

Propagalion ol Measurement Errors In general, both
model and measurement error are present and are
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values can be contoured to produce a model of the
quantity's continuous spatial variation.

Thaditional statistical methods, such as those
described in Appendix C, can also be used to
compute spatial averages and measures of spatial
variability from the point values. However, preci_
pitation gages are usually unevenly distributed
over any given region, and the point values are
therefore an unrepresentative sample of the true
precipitation field. Because of this, and because of
the importance of accurately quantifying variables
such as precipitation, basic statistical con-cepts have
been incorporated into special techniques for char_
acterizing and accounting for spati;l variability.
These techniques are introduced in Section 4.3;
however, they apply not only to rainfall, but to the
spatial variability of infiltration. of ground_water
levels,-and of other spatially distribut-ed quantities
as well.

is actually available for use is best measured as
the streamflow rate that is available a large per_
centage-say 95o/"-of the time. This value is desig_
nated qe5. Where streamflow records are available,
4.n, is readily determined by constructing a flow_du_
ration curve, as described in Sections 2.7.2 and
10.2.5.

Streamflow variability is directly related to the
seasonal and interannual variability of runoff (and
hence of the climate of precipitation and evapo_
transpiration) and inversely to the amount of stor_
age in the watershed. Humans can increase water
availability by building storage reservoirs, as dis_
cussed in Sections 2.8 and l0.2.5.Humans can also
attempt to increase p" through,,rain_making', (Sec_
tion 4.4.5) and to decrease pnr by modifying vege_
tation (Sections 7.6.4 and 10.2.5). However, such
interferences in the natural hydrologic cycle usually
have serious environmental, social, economic, ani
legal consequences. Some of the consequences in_
volved in exploiting ground water are considered in
Sections 8.6 and I0.2.4.

Because streamflow is the difference between
two-climatically determined quantities [Equation(2-15)1, it is clear that climate Change, whether nat_
ural or anthropogenic, will affect runoff and hence
water resources. The BROOK90 model introduced
in Section 2.9.5 canbe used for detailed study of cli_
matic and land-use effects; some simpler approach_
es to evaluating these effects are given in Chapter 3
(Boxes 3-4 and 3-5).

In the next section, we introduce (1) the basic
approach for constructing and analyzingsamples of
time-distributed variables and (i) tie duration
curve, a widely applicable approach to characteriz_
ing time variability.

2.7.1 Time Series

Clearly, it will be useful to be able to describe and
compare time-distributed variables in terms of their
average value, variability, and perhaps other char_
acteristics. Such descriptions and comparisons usu_
ally are made by applying the statistical methods
described in Appendix C. However, these methods
are applicable only to discrete sequences of values
obtained from the time trace of the variable of in-
terest, each value of which is associated with a par_
ticular time in a sequence of times. Such a sequence
is called a time series.

2.7 TEMPORATVARIABILITY
The inp-uts, storages, and outputs in Figures l_1,
l-2, and 2-I are all time-disiributed viriabtes_
quantities that can vary with time. Thus the concept
of time variability is inherent to the concept of the
system, and we have seen how time averaging is ap_
plied to develop alternative forms of the-conserva_
tion equations.

In particular, the streamflow rate at a given lo_
cation is highly variable in time. Even in himid re_
gions, it typically varies annually over three or more
orders of magnitude as a result of seasonal fluctua_
tions of rainfall and evapotranspiration; in arid re_
gions, the annual fluctuations-are even greater.
Year-to-year weather variations cause further rem_
poral variability, reflected in fluctuations in annual
mean flows and in the occurrences of floods and
droughts.

From the human viewpoint, the long_term aver_
age streamflow rate, fp, is highly significant: it rep_
resents the maximum rate at which water is
potentially available for human use and manage_
ment, and is therefore a measure of the ultimate
water resources of a watershed or region. However,
because of the large time variabitity of streamflow,
we generally cannot rely on the mean flow to be
available most of the time. The rate at which water
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Peak Average

800 80

FIGURE 2.6
Plots of the time series in Table 2-2.

connect the point values to provide a visual impression of the
nature of the series.

Time series are usually treated as more or less
representative samples of the long-term behavior
of the variable and are described and compared
on the basis of their statistical attributes. For ex-
ample, the temporal variability of a time series can
be characterized in absolute terms by its interquar'
tile range or by its standard deviation, and in rela-
tive terms by the ratio of its interquartile range to
its median or by its coefficient of variation (Sec-
tions C.2.4 and C.2.5).

It is important tb note that time series devel-
oped from a single continuous time trace by choos-
ing different discretizing schemes (as in Example
2-2) or different A/ values will in general have very
different statistical characteristics. Box 2-2 explains
how one can obtain time series of peak and daily
average streamflows measured at U.S. Geological
Survey gaging stations.

2.7.2 Duration Gurues

One conceptually simple but highly informative
way to summarize the variability of a time series is
by means of a duration curve-a cumulative-fre-

7-day
minimum

1984

quency curve that shows the fraction (percent) of
time that the magnitude of a given variable exceeds
a specified value over a period of observation that is
long enough to include a wide range of seasonal
and inter-annual variability. Duration curves are
most commonly used to depict the temporal vari-
ability of streamflow; such curves are then called
flow-duration curves (FDCs) (Figure 2-7).

Searcy (1959) and Vogel and Fennessey (1994;
1995) have provided comprehensive reviews of
FDCs. Here we examine the general characteristics
and interpretation of FDCs; their construction for
stream locations with and without long-term
streamflow records is discussed in Section 10.2.5.
FDCs can be developed for flows averaged over pe-
riods (Ar) of any length-days, months, or years.
However, we will focus exclusively on FDCs of
daily average flows (Ar : 1 day), which are by far
the most commonly used.

Statisti ca I I nte rp retati o n

In statistical terms, the FDC is a graph plotting the
magnitudes, q, of the variable Q (av er age daily fl oq
y-axis) vs. the fraction of time, EPo(q),that Q ex-
ceeds any specified vahrc Q : q (x-axis). EPe@) is
called the exceedence probability (or exceedence

-i 500

o 400

'
I ?oo

a 0 , .

B

0l-
1960 1964 1968 19'72 1976 1980

Year



'sel?cs JneuqlrJE eAEr{ s3x€ qloq

!! o* ot luuorlrodo.rd sl JCd eqt ropun eoru aqt tllucrqderg,

-raser Jo lJeJJe eql'sf,cld Jo spue .rol eql uI sedols
lug ,(1anr1uleJ e3npoJd osle ueo uotlelrdrcard Jo slnd
-ur tuenbe{ eroru t€ql punol (e1961'q9161) ueru
-3urq 'rezre,t.oll 'a8erols luecgru8rs Jo ecuesqe u€
seleorpur adols deals e ispuellerrr Jo so{EI a8rel ut ro
(g'g'g uo4ceg) sre;rnbe Jele^\-punor8 ur e8erots
lueJgru8rs ruoq aruoc sl\og lzql selecrpur ,{11ensn
edols 1ug B 'J(IC ar{t Jo pue re^\ol eql lV'sedols
pue-reddn deels eneq 'uorlernp uoqs Jo sruJols
asuelur ,(q peleraue8 .{11ecrd,fi aJ€ spoog aJaq/t\
'srueorls 

,.r(qse1g,, 
'sfup prarres lsBI leql srurols ,(q

posnpJ eJ€ spoog eJeqa srueeJls eErel ro; pue
spoog Jo esnuc ledrcurrd e sr llaur^\ous eJel{rrr leg
,{1ea,r1e1er ,{gensn sl J61d eql Jo pua raddn eql Jo
edols eq1 [qde.r8odo1 pue ,{8o1oe8 eql ,(q pue
Ja^\ol eql 1o edoys eql puu'a1erur1c puor8ar eql ,(q
,(ledrcuud peurrrrelep sl JCIC eql Jo pue reddn
oql Jo adols aql 'uorlecgrpour esn-puel Jo 'uorl
-e1n3er 'uorsJo^rp fq pelcageun srueeJls JoC
'(g-Ot xog) sprorar ltog rural-3uo13uqce1 stueerts

JoJ f,C.:I aql SurJJeJur ur InJesn aq lq8ru leqr
uor8ar ? ur stu€aJls JoJ sJCJ ur serlrJelrurs IBe^
-eJ ueJ qceordde Jeqllg'selsJ uorleJrdsuerloduna
ro/pue uorleldrcard eare-lrun-rad Surre;yp ;o lcaga
eql seluurrurle osle oup Eutsn iazrs utseq-aEeurcrp
Jo lJeJJe eql seluunuqe dwp rc y7b reqla 8ur
-sn'Jgd eql Jo srxe IeJrua^ oql uo outp rc (ean
eSeumrp sr y areq,n) 'y1b 1o1d ol InJasn uago sr lr
'surealls Suorue scrlsrJelJeJeqc A\og Surredruoc rog

solJe! 0u111o4uox pue uoslndwoc

smog,(1rcp
eqt go ,{lqrqerJu^ aqt o1 luuorgodord sr 3qg aq1 ;o
sseudeals aqa's.{ep aql Jo o/o0g o1 97 ,{po uo papeet
-xe sr A\oU u€eru eql'suor8er pFunq ,(ueur ur-inog
uurporu ogl uBrll re8rel qcnu sr 1r\ou ueetu eql os
'pe^\e{s [u3lq s,{errrp lsotllp sr s1r\oglueeJls fyup
Jo uorlnqrJlslp arf,l' rt.og uerpetu aql sr'0E'2, 's.{ep eql
lo "/o0S uo pepeerxe ̂\oU eql 'r[Gt-d-Gt-7) suorl
-enbg] ecu€leq relem puor8eJ eql ur out slenbe pr8
-alut eql'lueureJnseeur yo porrad aq1 sr pouad 1eq1
p ipe11o1d poued eql JoJ,r,og e8ereure aql o1 yenbe
s! JCId eql go pr8elul aqt teqt uaoqs 

"O 
un" tlrn"^

ol .tee,{ uor; fren lou op pue (-r,{ I : /V) srseq IBnu

lZ {trrlrqurren lProdulol L'Z

-ue u3 uo pelulnslec,{1ensn aJE s^\ou ̂\ol pu? sl$ol
poog JoJ serlpqeqord acuapaeoxe '1ser1uoc [g
'sarcuepuedep esoql roJ lunorce lou seop JCL{ a$
isuorlrpuoc luapaoelue pue rea,{ Jo etull Jo uollJqt
u su frel ol s^\og ,{pup yo sarllgquqord oJuapdrt
-xa esnec (6'3 uorlce5) ecuelstsred lecr3o1orpf1
pue slreJJe Ieuoseas (ep cgrceds ,{ue uo eouep*D
-xe;o ,{lqrqeqord eqt usql JeqlBJ pouad.,3uo1 ,Qq
-lrns,, B ur eouepeaoxa ;o fllpquqord ro ,{cuanbeg
oql ol sra;er ,{cuenber; ecuepeocxo'SJCC JoJ

'secerq oql uqlr^\ uorlrpuoJ aq1 1o ,(11uqeqo.d
eql setouep { }r4 pue o p (z'l uouceS) uorpqf
uorlnqrJlsrp elrlelnunc eql saleu8tsap oI alaqr

eZ<) '{ob<A}ta:(b)ot -r- (b)oa?

su'/b 'inogurea.E

;o apluunb qld eql ol pelelal sI 1I pue '(,{ruenbel

'uorleueldxa ro; 7-g aldurexg aes r sr4 ur are saoguearts lyr

89'0
LS'I
EI'I
ne'r
n9'l
€L'0
6I't
9S'0
zs'0
ss'0
I0't
zs'0
€8'0
LI'I
tt'0
6L'0
9Z'r
vL'0
98'0
fi'0
s9'0
r9'0
9L'0
L6'0
9E'I

06I
0rv
601
LqZ
S19
orc
8t€
8LZ
L9S
6LI
662
691
0I9
EtT
0nr
082
onz
0w
60t
90I
OII
CI7

09n
989
EI7

€'0I
s'tg
0'sz
9'72
t'Lr
I'NI
z'rz
6'f7,
9'9r
z'Ez
8'9t
8'tt
L'62
9'27,
0'8r

6'8I
e'sr
8'8I
z'ot
r'6
S'LI
0'27,
9'LI
9'02

sr|
ltl
fr|
-r
rtl
CI
u.a
ul
u.a
ral
LA
ttl
ul
ua
ua
qa
cn
r
LJ
r|
r
rfl
r
r
r3

unulu!trAl
,{ug-ue,ra5

|Bnuuv

{Bade8e,ra,ry

lBnuuv

rl

p986t-1961 pousd oql r0l rsnlu relsl$ 0rll r0l proceu nolll
snonulluo3 orll l0 uollpz[3rcs[ r{q pedopno0 seues errrrt

z{tL

eruepfil
q (b)aa
-xe Q tr
,rnog fgt
eql 8up

re; fq a
JO SJO
'srear( t
-ed rax
'9'Z'01

rural-tr
JoJ uoq
scrlsFaq
Jo slrre
:vaot) t

pallBc I
-ue^ F
eJ? Sa/

Ieuossi
q leqlt
spaecx
Jo (lue

G
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BOX2-2

Obtaining u.s. Geological survey streamflow Data in spreadsheet Format

The Water Resources Division (WRD) of the U.S. Geotogi-
cal Survey (USGS) maintains over 5000 stream gages
throughout the United States and publishes data on peak
flows (floods), daily average flows, and water-quality pa-
rameters measured at these gages. The data are pub-
lished annually in books entifled "Water Resources of
[state(s)]" that are available from district offices of the
WRD and electronically via the Internet. Spreadsheet
files of these data can readily be obtained by download-
ing the data by using the fottowing steps:

1, Create a directory, or insert a formatted floppy disk
in your computer to receive the data.

2. Use your Internet browser to access the address
http://h2o.usgs. gov/nwis-w/US

to go to the national data base, from which you can
select the state of interest; or replace the ,,US,' with
a state abbreviation to go direcfly to data files for
gages in that state.

3. Click your mouse on the appropriate area to access
historical streamflow data.

4. Select the gaging station of interest from a map, a
statewide list, or lists organized by county or river
basin.

5. Select data on peak flows or daily average flows. For
peak flows, you can choose between (a) all peaks

above a base value that the USGS has determined
for the gage (there could be more than one peak for
each water year, or none); and (b) annual peaks
(that is, the highest peak flow in each water year).

6. The entire available period of record is displayed;
you can select it or change the beginning or ending
dates of interest.

7. For spreadsheet downloading, select "tab-delimited"
rather than "punchcard image" format.

8. Select a date format.
9. Select "Retrieve Data". An image of the header in-

formation and data will appear on your screen.
10. Select "Save As" from the "File" menu of your pro-

gram Manager menu bar, designate the directory
and file destination, and click "0K". This will save
the information in plaintext format.

11, Exit from your browser, open your spreadsheet, and
import the file.

12, To work with the data, you will have to convert the
plaintext dates to date format and numerical values
to numbers. lf you have EXCEL 5.0 or higher, the
"Text Wizard" "General" format command does all
the conversions appropriately.

13. Save the converted file in appropriate spreadsheet
format (* . x1s f or nxcal).

voir regulation on FDCs is discussed in Section
70.2.5.

Signiticance

The streamflow rate is itself highly significant as an
indicator of water availability for instream and
withdrawal uses, and many other quantities (e.g.,
water-quality determinants such as dissolved-oxy-
gen, dissolved-solids, and suspended-sediment con-
centrations; stream-habitat determinants such as
velocity and depth; and stream erosive power) are
at least partly dependent on flow rate. Thus FDCs
are extremely versatile and useful tools for analysis
of water-resource problems, as described in detail in
Section 10.2.5.

2.8 STORAGE, STORAGE EFFECTS,
AND RESIDENCE TIME

2.8.1 Storage

The control volumes in Figures 1-1 and 1,-2 repre-
sent storage in the hydrologic cycle, and the entire
watershed or region within the dashed boundaries
can also be thought of as a storage reservoir. The
term "storage" often connotes a static situation,
but, in reality, water is always moving through each
control volume. In fact, it can be said that water in
the hydrologic cycle is always in motion AND al-
ways in storage.

In many hydrologic reservoirs, such as lakes,
segments of rivers, ground-water bodies, and water-
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2.8.3 Residence Time

Residence time, or average transit time, is a univer-
sal relative measure of the storage effect of a reser-
voir. It is equal to the average length of time that a
"parcel" of water spends in the reservoir. If outflow
rate and storage are related as in Equation (2-25),
the relative effect of the storage on the variability
and persistence of the outflows increases as resi-
dence time increases. Figure 2-8 illustrates these ef-
fects for linear reservoirs [Equation (2-26)).

Residence time can be calculated by dividing
the average mass (or volume) of the substance of
interest in the reservoir, S, by the average rate of
outflow, tngtot inflow, nt1,ofthat substance:

FIGURE 2.8
(a) Ratio of relative variability of
outflows to relative variability of
inflows as a function of residence
time for a linear reservoir [Equa-
tion (2-26)l; and (b) Persistence
of outflows (expressed as the au-
tocorrelation coefficient) as a
function of residence time for a
linear reservoir when inflows
have no persistence.

0;70
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where 7p is residence time.
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Note that Equation

0.6

(2-27) holds only when ffio: t/tr -that is, when
the average rate of change of storage is 0; as noted
above, this assumption can usually be made for nat-
ural reservoirs over the long term. Note also that
Equation (2-27) is dimensionally correct. Resi-
dence time is also called turn-over time, because it
is a measure of the time it takes to completely re-
place the substance in the reservoir.

For many hydrologic reservoirs, such as lakes,
values of S and of mq or mr can be determined
readily, and computation of residence time is
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ground-water potentials (and hence of ground-
water flow) under various boundary conditions.

A mathematical model is an explicit sequential
set of equations and numerical and logical steps (or
rules or "recipes") that converts numerical inputs
representing flow rates or states of storages to nu-
merical outputs representing other flow rates or
storage states. The "guts" of a mathematical model
are the equations whose forms represent the quali-
tative behavior of the flows and storages and the
parameters-numerical constants-in these equa-
tions that dictate the quantitative behavior.

As the availability of more powerful digital
computers, modeling techniques, and software has
rapidly increased, the use of both physical and ana-
log models in hydrology has been largely replaced
by that of computer-implemented mathematical
models, which are usually cheaper and much more
flexible. Such models are usually mathematical rep-
resentations of 'box-and-arrow' diagrams similar to
those shown in Figures 1-1 and 1-2. Unless other-
wise stated, our subsequent discussion of models
will focus on mathematical models.

Perhaps the best metaphor for hydrologic mod-
els of all types is a map:A model is to hydrologic re-
ality as a map is to the actual landscape. A mental
comparison of a map of a region you're familiar
with to the actual region gives a good sense of how
a model approximates reality. The map metaphor
also makes clear two essential characteristics of
models:

l. A model,like a map, is designed for a specific
purpose. A model emphasizes features appropriate
to its purpose, while omitting other features: a road
map shows road types, route numbers, and loca-
tions of cities and towns, but usually does not show
topography, land covei, or other features that
might be extremely important for purposes other
than finding your way by car from point A to point
B. (Actually, topography might be very important
for such a purpose, yet still be omitted from your
map!)

2. A model, like a map, is constructed at a par-
ticular scale. Neither represents features that are
not visible at that scale-and some of the omitted
features could be important in many contexts.

The issue of scale in modeling is an active area
of research and discussion in the hydrological liter-

ature (e.g. Giorgi and Avissar 1997;Bergstrom and
Graham 1998).

2.9.2 Purposes ol Models

Hydrologic simulation models are developed either
(1) to guide the formulation of water-resource-
management strategies (including the design of
structures) or (2) as tools of scientific inquiry.

Virtually all applications of hydrology to prac-
tical water-resource problems involve the use of
models. These applications require either predic-
tions or forecasts:

Predictions are estimates of the magnitude of some
hydrologic quantity (e.g., the peak flow) that is
either (1) associated with a particular excee-
dence probability or statistic of the quantity or
(2) produced by a hypothetical rainfall or
snowmelt event (often called the design
storm).e Predictions are the basis for the design
of civil engineering works such as reservoirs
and reservoir spillways and of land-use plans
(e.g., floodplain zoning) and for the assessment
of the hydrologic impacts of land-use and cli-
mate changes.

Forecasts are estimates of the response to an actual
anticipated event; e.g., the peak flow rate that
will result from the rain that is expected in the
next24 hr on a given watershed. Forecasts are
used to guide the operation of reservoir sys-
tems and to provide flood warnings to flood-
plain occupants.lo

In the scientific context, models are used along
with data to test hypotheses about the processes op-
erating in some portion of the hydrologic cycle
(Beven 1989). Models are developed to give explicit
form to concepts of hydrologic function, and com-
parison of modeled hydrologic response with ob-
served responses might confirm, or suggest revision

"Design storms are often specified as the event with a particular
exceedence frequency (i.e., by a quantile of the input event such
as the 10-yr, l-hr rainfall on a given watershed). Approaches to
estimating exceedence probabilities of rainfalls of specified du-
rations are discussed in Section 4.4.4.
r$orecasting models are also commonly used for hindcasts (or
backcasts), in which the objective is to estimate an unmeasured
hydrologic response to a past event.
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TABLE 2.3
Terms Used to Characterize Hydro.
logic Models. See Box 2-3 for defi-
nitions of terms.

Physical Domain Process Simulation Basis

Vegetative canopy
Snowpack
Unsaturated zone
Aquifer
Hillslope
Stream reach
Stream network
Lake or reservoir
Watershed
Region/continent

Interception
Snowmelt
Infiltration
Overland flow
Unsaturated flow
Tlanspiration
Ground-water flodhead
Evaporation
Open-channel flow
Stream hydrograph
Integrated watershed/region

Physically based
Conceptual
EmpiricaVregression
Stochastic-time series

Spatiel Representation Temporal Representation Method of Solution

Lumped
Distributed
Coordinate system

1-dimensional
2-dimensional
3-dimensional

Steady state
Steady state-seasonal
Single event
Continuous

0-dimensional
Formal-analytical
Formal-numerical

Finite difference
Finite element
Other

Hybrid

ter-estimation set" and an "acceptance-testing set."
There are no flrm rules for the proportion of the
total data allocated to each set, but usually no more
than half the data is allocated for acceptance test-
ing. For some types of data the allocation can be
done randomly, but for data representing a time se-
quence it is usually necessary to select a continuous
period for parameter estimation and a prior or sub-
sequent period for acceptance testing.

In both parameter estimation and acceptance
testing, it is important to focus on the purposes of
the model. For example, the following aspects of
model output might be more or less important in
different contexts:

. the ability to reproduce the long-term or spa-
tial mean value of a quantity;

. the ability to reproduce overall variability
(e.g., the standard deviation or range of the
quantity);

. the ability to minimize actual errors (errors as
measured in the units in which the quantity is
measured; e.g., streamflows in m3s-1);

. the ability to minimize relative errors (errors
expressed as a percentage of the mean);

. the ability to reproduce high values of a
quantity (e.g., peak streamflows);

. the ability to reproduce low values of a quan-
tity (e.g., drought streamflows);

. the ability to reproduce patterns of seasonal
or spatial variability.

It is also important to remember that measured
values of model inputs and outputs are themselves
more or less subject to errors due to instrumental
limitations and the inherent inability of observa-
tional networks like rain gages or wells to capture
the spatial variability of input or output quantities.
To the extent that such errors exist, parameter se-
lection and evaluation of model performance will
be subject to error.

Parameler Estimalion The objective of parameter esti-
mation is to determine appropriate values for model
parameters whose values are not known a priori-
for example, hydraulic conductivity in Darry's Law
of ground-water flow [Equation (8-1)] or the propor-
tionality constant in the linear-reservoir equation
[Equation (2-26)].The input data of the parameter-
estimation set are entered into the model and the val-
ues of parameters are systematically adjusted to
determine which values give the "best" fit between
the modeled and the measured outputs according to
predetermined criteria. Fit can be judged qualitative-
ly by visual comparison of measured and simulated
hydrographs or flow-duration curves or of scatter
plots of simulated vs. actual output quantities. Numer-
ical measures of best fit are reviewed by Martinec
and Rango (1989) and discussed in Section C.10.
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FIGURE 2-9
Flow chart for the modeling
Drocess.

Although conceptually straightforward, the pa-
rameter-estimation process is often fraught with
difficulty and ambiguity, especially in multiparame-
ter models:

. Very different sets of parameter values may
give nearly equivalent fits.

. Model outputs may be insensitive to the val-
ues of one or more parameters.

. One or more best-fit values may differ greatly
from what seems intuitively reasonable.

. Best-fit values may differ in different time
periods.

When these situations occur, confidence in a
model's ability to simulate the situation of interest
is diminished.

Acceplance Tesling Once the parameters are se-
lected, performance testing leading to acceptance
or rejection of the model for a particular applica-
tion should be evaluated by graphical and/or nu-
merical comparison of modeled and measured
outputs for situations not used in parameter estima-
tion. As an example, Figures 2-I0 and 2-LL compare
streamflows simulated by the BROOK90 model
(described in Section 2.9.5) with measured values

Obtain measured
input and output

data

Evaluate data and data needs

Select initial parameter
values

Use model for
forecasting or

prediction
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FIGURE 2.11
Scatter plot of monthly flows
simulated by BR00K90 vs. mea-
sured flows for 1964-'1969 at
Hubbard Brook Experimental For-
est, West Thornton, NH. Line
shows 1:'l ratio. From Federer
(1 ees).

in a research watershed. If a model does not satis-
factorily simulate the measured values, a new
model, perhaps based on a revised conceptualiza-
tion of the situation, should be developed.

Kleme5 (1986b) provided an excellent discus-
sion of the philosophy and process of testing simu-
lation models, and studies comparing models are
published by the World Meteorological Organiza-
tion (1986b, 1992) and Perrin (2001).

2.9.5 The BR00K90 Model

This book emphasizes the scientific understanding
of individual processes (precipitation, snowmelt, in-
filtration, evapotranspiration, and others) in the
land phase of the hydrologic cycle. In order to pro-
vide a means of synthesizing this understanding
into a form that can be used to answer hydrologic
questions, the text also describes a model called
BROOK90. This model incorporates our scientific
understanding into an integrated model that con-
nects these processes to simulate the behavior of a
watershed. We also give information about how
BROOK9O can be accessed on the Internet (in Ex-
ercise 2-7) and how it can be used to predict water-
shed responses to climatic inputs and land-use
changes. Here we introduce the basic features of
BROOK9O: a more detailed discussion of how the
model simulates each specific process is given in the
chapter that treats that process.

HBEFW6

a a

. .V'.
a  t 2  '
' - f  i .

- 300

B zso

E 200

€ rso

u) loo

100 150 200 250

Measured monthly flow, mm

As can be seen inTable 2-3, BROOK9O is an in-
tegrated model that provides detailed simulations
of the processes of interception, snowmelt, infiltra-
tion, unsaturated soil-water flow, transpiration, and
soil evaporation and more approximately simulates
overland flow and ground-water flow. Its structure
is shown in Figure 2-72-note the similarity to Fig-
we 1,-2.It is largely a physically-based, spatially-
lumped, continuous-time (daily time step) model
that uses O-dimensional computational approaches
for processes other than soil-water movement; the
latter is simulated by using a formal finite-differ-
ence numerical approach.

BROOK9O was developed by Dr. C.A. Federer,
formerly of the U.S. Forest Service, who actively up-
dates the model and maintains the BROOK Web
site. The following overview is taken from Federer
(1ee5):

The hydrologic model BROOK90 simulates the
water budget on a unit land area at a daily time step.
Given precipitation at daily or shorter intervals and
daily weather variables, the model estimates inter-
ception and transpiration from a singleJayer plant
canopy, soil and snow evaporation, snow accumula-
tion and melt, soil-water movement through multi-
ple soil layers, stormflow by source area or pipe-flow
mechanisms, and delayed flow from soil drainage
and a linear ground-water storage.

BROOK90 simulates the land phase of the pre-
cipitation-evaporation-streamflow part of the hydro-

350

L.
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and predict nature, not to demonstrate our cle-
verness. As it was nicely phrased by Dooge (1986,
p .4eS) ,

Many . .. modelers seem to follow .. . the example
of Pygmalion, the sculptor of Cyprus, who carved a
statue so beautiful that he fell deeply in love with
his own creation. It is to be feared that a number of
hydrologists fall in love with the models they cre-
ate. In hydrology, . . . the proliferation of models
has not been matched by the development of
criteria for the evaluation of their effectiveness
in reproducing the relevant properties of the
prototype.l2

Models are essential tools for almost all practi-

cal applications of hydrology and can be powerful

aids in scientific analysis. However, anyone seeking
to use a model to provide predictions or forecasts
that will be used for critical design or operational
applications or scientific decisions should first re-
view the discussions by Matalas and Maddock
(1976), KlemeS (1986b), Dooge (1986), Beven
(1993), Oreskes et al. (1994), and Perrin et al.
(2001). The collective wisdom of these discussions
can be summarized as follows:

Although acceptable parameter values can be de-
termined for almost any model, in most cases the
parameters are not unique. In addition, because of
the inevitable errors in measured data and the im-
possibility of representing the space-time contin-
uum of nature as a finite array of space-time
points, no model can be validated as a true simula-
tion of nature.

EXERCTSES
Exercises marked with *x have been programmed
in EXCEL on the CD that accompanies this text.
Exercises marked with * can advantageously be ex-
ecuted on a spreadsheet, but you will have to con-
struct your own worksheets to do so.

*2-l Using Equation (2-16) and assuming no model
error, compute (a) the estimated evapotranspiration and

r2Note that quantitative criteria for evaluating models are dis-
cussed in Section C. 10.

(b) the absolute and relative uncertainties in the estimate
for the followine situations:

Location a b
Connecticut Yukon

River, River,
USA Canada

c d
Euphrates Mekong

River, River,
Iraq Thailand

Watershed
Area (km2)-
Precipitation,
np(mm yr-t).
Relative
Error in P, u|
Streamflow,
m?\m"s  ' )

Relative
Error in Q,ufi

20,370

1,100

0.1

386

0.05

932,400 26L,r00 663,000

570

i )

5,100

0.1

300 r,460

0.1 0.15

911 13,200

' 
Published values. *Assumed - actual uncertainty unknown'

x*z-Z Using the methods in Box C-1, compute the sam-
ple median and 0.25- and 0.75-quantile values of the three
time series in Table 2-2.T\e data for this table are in file
Table 2-2 .xl-s on the CD accompanying this text.

**2-3 Using the methods in Box C-2, compute the
mean, standard deviation, coefficient of variation, and
skewness of the three time series in Table 2-2.The data for
this table are in file Table 2-2.x]-s on the CD accom-
panying this text. Which time series is the most variable,
relatively speaking? Which is the most skewed?

**2-4 Using the methods of Box C-5, compute the sam-
ple autocorrelation coefficients of the three time series in
Table 2-2. The data for this table are in file rable
2-2 .xLs on the CD accompanying this text. Which time
series shows the most persistence? (Hint: If there are N
items in the time series, you can calculate the autocorrela-
tion coefficient by using the spreadsheet's correlation
function: specify the first data range as values 1 through
N - 1, the second data range as values 2 through N.)

*2-5 Using the instructions in Box 2-2, obtain a time se-
ries of annual peak flows for a stream of interest. Using
the methods of Box C-2, estimate the mean, standard de-
viation, and coefficient of variation of the time series.

2-6 (a) Obtain appropriate topographic maps and trace
out the watershed of a stream of interest. (b) Measure the
drainage area by using a digitizer, planimeter, or grid
overlay. (c) What geologic information is available that
could help you assess whether ground-water outflow is
significant?

2-7 Access the "Compass Brook" home page on the
WorldWideWeb at

0.050.1
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