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Abstract. The probability mass function of peak streamflow from a given catchment is 
derived from the density functions for climatic and catchment variables by using the func- 
tional relationships provided by the kinematic wave method of hydrograph forecasting. The 
exceedance probability for a flood peak of given magnitude is then related to the annual ex- 
ceedance recurrence interval of this flood. The resulting theoretical flood frequency relation 
shows a changing form with change in catchment and climate parameters and agrees well with 
observations from three Connecticut catchments. It provides a theoretical basis for estimating 
flood frequency in the absence of streamflow records and for extrapolating empirical esti- 
mates based on short records. Because of the explicit appearance of physicall3/ meaningful 
catchment parameters it also allows quantitative estimates of the effect on flood frequency of 
changes in average land use. The flood f.requency relation for a given catchment is averaged 
across the population of catchments of given size to provide a theoretical regional flood 
frequency function that compares favorably with observations of mean annual floods on 44 
Connecticut catchments. 

Our basic understanding of many compli- 
cated natural phenomena has been advanced 
significantly through the use of deterministic 
expressions of their dynamics that have been 
simplified enough to permit explicit solution 
for critical parameters yet not enough to sacri- 
fice the essential physical validity. A notable 
hydrologic example is the use of the 'kinematic 
wave' equations to study the generation of 
streamflow hydrographs from rainfall [Eagleson, 
1970, pp. 326-363]. 

The kinematic wave equations relate the im- 
portant physical and hydraulic parameters of 
storm and catchment for overland flow and for 

streamflow. They have high validity wherever 
the continuous lateral inflow is significant and 
have been verified under these conditions by 
numerous investigators [Wooding, 1966; Har- 
ley et al., 1970]. The simplicity of these equa- 
tions permits explicit solution (under certain 
conditions) for variables of primary engineer- 
ing interest such as the magnitude and timing 
of peak streamflow. Consequently they provide 
a practical means of incorporating into the 
study of these quantities consideration of es- 
sential hydrologic variabilities. These variabil- 
ities are of three basic types: (1) heterogeneities 
of catchment properties, (2) heterogeneities of 
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individual sto. rm properties, and (3) random 
variabilities in the climatic time series of storms 

and antecedent moisture conditions. For homo- 

geneous catchments Eogleson [1971] has rede- 
rived the kinematic wave equations incorporat- 
ing a simple class of storm heterogeneity. No 
development of these equations has been found 
that includes both of the first two variabilities, 
however. Although large errors may result from 
the neglect of these two heterogeneities when 
the runoff from individual storms is forecast, 
the errors are largely random and should be 
unimportant in studying the long-term stream- 
flow variations produced by climatic variability. 

The aim of this paper is to seek an increased 
understanding of the dynamics'. of flood fre- 
quency through a theoretical development that 
relates peak streamflow statistics to the statistics 
of climatic and watershed parameters by using 
the kinematic equations of runoff as they are 
derived for homogeneous catchments and storms. 

There are three major steps in the method to 
be used: (1) rainfall model: fitting distributions 
to samples of point rainfall variables in terms 
of climatic parameters and deriving the cor- 
responding distributions of the important rain- 
fall excess variables, intensity 7e, and duration 
t•e; (2) runoff model: developing a manageable 
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analytic relationship for peak streamflow Qp in 
terms of catchment parameters and the rainfall 
excess variables; and (3) transformation: de- 
riving the distribution F'(Qp) of peak stream- 
flow from the distributions of the rainfall excess 

variables by using the analytic relationship pro- 
vided by the runoff model. These steps are il- 
lustrated schematically in Figure i and con- 
sidered in detail below. 

RAINFALL MODEL' STATISTICS OF CLIMATE 

AND WATERSHED 

Point sto,rm rain[all. It, is well known that 
the probability density function of point rain- 
storm duration tr may be fitted closely by the 
exponential 

](tr) = ke -Xtr tr _• 0 (1) 
An example of this fit is shown in Figure 2 
through comparison with 5 years of hourly rain- 
fall data (546 storms) at Boston, Massachusetts 
[Grayman and Eagleson, 1969]. For this local- 
ity X = 0.13 when t,. is in hours. 

By means of data from the same storms the 
probability density function of point rainstorm 
intensity i,, may be fitted by 

](io) -- •e -•'ø io •_ 0 (2) 
(Figure 3). For Boston fi = 30 when io is in 
inches per hour. 

In addition it will prove convenient to use a 
consistent analytic expression for the conditional 
probability density function of point rainstorm 
depth given the storm duration. By definition 
the point storm depth d is related to point in- 
tensity and duration by 

io = a/t (3) 
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Fig. 2. Distribution of storm durations at 
Boston, Massachusetts. The sample consisted of 
546 events over 5 years. The bars indicate the 
observed relative frequency, and the curve the 
fitted exponential distribution, [(tr) ---- 0.13 exp 
(--0.13tr). 

By means of (3) the cumulative distribution of 
io may be expressed by 

fo © fo iøtr F(io) = dt, /(dlt,)](t, ) dd 

By means of (1) and (2), (4) becomes 

(4) 

fo fo iøtr I -- e -•'ø = Xe -xt' dt, /(d It,) dd 

(5) 

Although observations indicate that f(dltr) is 
represented well by a gamma function [Gray- 
man and Eagleson, 1969], such a function is 
very difficult to manipulate analytically. One 
function that does satisfy (5) is the exponential 
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Fig. 3. Distribution of point storm intensities 
at Boston, Massachusetts. The sample consisted 
of 546 events over 5 years. The bars indicate the 
observed relative frequency, and the curve the 
fitted exponential distribution, •(/0) -- 30 exp 
(--30/0). 
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f(dlt0 - (l•/tr)e -aa/tr tr >_ 0 d _> 0 (6) 
which is a reasonable. representation at large 
depths, where our present interest is centered. 
Equation 6 is compared with the observations 
from Boston in Figure 4. 

An important corollary of (6) should be 
pointed out here. When (3) is used with (6), we 
can derive the conditional distribution 

l(iolt3 - lge -•'ø -- [(io) (7) 
Thus using (6) implies the independence of the 
point rainfall variables/o and t•. 

Areal sto, rm rainfall. Working toward areal 
average rainfall excess, we will next apply a 
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correction to (2) to account for the fact that 
for an event of given probability the areal av- 
erage storm depth dA is less than the amount d 
measured at some arbitrary point within the 
storm isohyetal pattern. The U.S. Weather 
Bureau [1957-19'60] has developed just such a 
relationship by using data from 20 dense rain 
gage networks in various climatic regions of the 
United States. This relationship is presented in 
Figure 5 along with the fitted function 

dA/d -- 1 -- exp (-- 1.1tr TM) 

--I- exp (-- 1.1t• TM -- 0.01A) (8) 
where the durations are in hours and the storm 
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Fig. 4. Conditional distribution of point storm depths given duration at Boston, Massachu- 
setts, for the following observed relative frequencies (bars) and fitted distributions (curves), 
respectively. (a) 0.5 hours < t• < 1.5 hours; •(dlt•) -- (30/tr) exp(--30dft•). (b) 3.5 hours 
< t• < 5.5 hours; •(d t•) -- (30/t•) exp(--30d/t•). (c) 10.5 hours < t• < 19.5 hours; •(d t• -- 
(30/t•) exp(--30d/t•). 



Flood Frequency 881 

1.0 

0.9 

0.8 

d 
0.7 

0.6 

0.5 
0 

0,5 hr 

I 

24 hr 

6hr 

3hr 

50 I00 150 200 250 :500 :550 

Storm Area A (square miles) 

Fig. 5. Areal reduction of point storm rainfall 
for constant recurrence interval T. The storm area 

is that over which the rainfall is averaged. Hours 
are values of tr. Points represent the fitted rela- 
tionship, dA/d -- 1 -- exp(1.1t? •) q- exp(--1.1t? • 
-- 0.01A). 

area A is in square miles. This function applies 
only for constant event probabilities. 

We wish to use (8) to describe the areal 
average rainfall only over that partial area A• 
of a catchment from which direct runoff occurs. 

We will therefore let A in (8) take on the par- 
ticular value Ar (in square miles) to write 

d.4•/d = 1 -- exp (-- 1.1t,. TM) 

q- exp (-- 1.1tr TM -- 0.01At) (9) 
The rainfall intensity as, averaged over the 

direct runoff area A• is defined by 

= 

under the assumption that the duration is the 
same everywhere. Thus by means of (3) 

= io 

We wish to use (11) to derive the distribu- 
tion •o. To do so, however, we must. recognize 
that A• is a random variable and that we must 

find the joint distribution f(•o, tr, A•) and then 
integrate it over the appropriate region. For 
joint distributions of even quite simple form this 
derivation becomes too complex to perform 
analytically, and subsequent manipulations of 
the resulting f(•.•) are prohibitively difficult. 
Further expedient approximations are thus in 
order. We will first replace t• in (9) by its ex- 
pected value l/X, and thus we can write 

d.4•/d = K = 1 -- cxp (--1.1X -•/4) 

q- exp (-- 1.1X -•/4 -- 0.01A,.) (12) 

The variability in A• for a given total catch- 
ment area Ac (in square miles) occurs for two 
basic reasons. First, for a particular catchment 
of given area in a. given climate, A r will vary 
with time, owing to differences in storm inten- 
sity, duration, and size and to the variable 
antecedent. surface and subsurface conditions 

such as vegetation and soil moisture. Second, 
for the set of all catchments having common 
Ac, the area A• producing direct runoff for a 
given rainfall event will vary with geomorphol- 
ogy and with climatic differences in such im- 
port.ant parameters as mean annual rainfall, 
number of storms per year, mean annual evapo- 
transpiration, and so forth. This situation, which 
involves joint dependence on the interrelated 
storm and runoff-producing area variables, will 
arise frequently in what follows, and we will 
cope with it here and throughout by the 
expedient assumption that only the geomorpho- 
logic and climatic variations in A• are im- 
portant. This assumption of independence be- 
tween A• and the rainfall variables allows us 

to use (2), (11), and (12) to derive 

• /K 
f(io) = f(io A•) = • e -•ø •o >_ 0 (•3) 

Rain[all excess. We will separate the areal 
average storm rainfall excess •e from the areal 
average total storm rainfall 7o by applying a 
temporally and spatially averaged potential 
'loss' rate • to each storm period. 

That is, we are assuming 

½, = •o-• •o>• 

•e=O 

In actuality, of course, • should vary prob- 
abilistically, but this variance leads again to 
very complicated mathematics. For simplicity 
we will assume .• to be a constant for a given 
catchment, and thus we can derive from (13) 
and (14) the distribution of areal average rain- 
fall excess for a given A• to be 

• /K 
f(i•) = f(i• I A,.) = • e -•:* g, >_ 0 (15) 
We should note, however, that this loss rate 
eliminates from consideration as rainfall excess 

events all storms having an average intensity 
•o <_ 4•. Calling n the average annual number of 



882 P.s. EAGLESON 

rainfall excess events and O the average annual From (1) and (6.) we can write 
number of independent rainfall events, we can 
write 

n 0 -- )•(•o) d•o - e -ø•/K (16) 
Letting P be the average annual point rainfall 
in inches and defining 

(I)! : R/P (17) 

q•2 - R•/R (18) 

where R is average annual runoff and R• is 
average annual direct runoff, we can write 

P• = nE[•t•] (19) 

where • is the duration of rainfall excess. In 
•pproximation 

•[•t•] • •[iot•] = e/O (•0) 

which by means of (19) gives 

n = •0 (21) 

Some typical values of • and • are given in 
Table I as obtained from observations on 
natural catchments. 

TABLE 1. Typical Values of the Loss Parameters 

P, 
Basin inches 

Red River above Grand Forks, 
N. Dak. 

Mississippi River above Keokuk, 
Iowa 

Neosho River above Iola, Kans. 
Merrimac River above 

Lawrence, Mass. 
James River above Cartersville, 

Va. 
Tennessee River above 

Chattanooga, Tenn. 
Chattahoochee River above 

West Point, Ga. 
Miami River above Dayton, 

Ohio 

Pomeraug River above Bennetts 
Bridge, Conn. 

18.5 0.03 0.59 

28.6 0.21 0.56 
33 i 0.15 0 83 

40 7 0.48 0 51 

38 0 0.35 0 54 

49 8 0.48 0 64 

59 7 0.39 0 50 

37 1 0.32 0 66 

0.47 0 58 44 5 

Data are from Hoyt [1936]. Additional values of 
• and • for small forested and agricultural catch- 
ments may be found in Hewlett and Hibbert [1967]. 
An extensive table of values of • is given in 
Williams et al. [1940]. 

i(d, t3 = 

= (l•k/tr) exp [--(l•d/tr) -- kt•] (22) 

and by means of (12), (22) becomes 

, • exp 
The marginal probability density function for 
the duration of those events producing rainfall 
excess is then 

o• •(dA, t•)ddA 
= 

© dt• ](d.4, tr)dd.4 
4't r 

By means of (23), (24) becomes 

)•(t•,) = ke -xt' ---- )•(t•) (25) 
As a result of (7), (14), and (25) we con- 

clude that this rainfall model also implies the 
independence of the rainfall excess •, and its 
duration t•,. Thus the joint density function of 
these variables can be written 

= (fiX/K) exp [--Xt•, -- (/5i,/K)] (26) 
KINEMATIC RUNOFF MODEL 

The catchmerit-stream geometry to be con- 
sidered has the idealized form shown in Figure 
6. N'otice that rainfall excess, which is assumed 
to occur at uniform rate {•, takes place over 
only a portion of the catchment area in a given 
situation. As was noted earlier, there are two 
primary reasons for this result. The first reason 
is the finite storm area, which is particularly 
important for large watersheds, where the storm 
may occur over only a portion of the basin. 
Since the kinematic wave ro.utes a flood without 

change in the peak discharge [Eagleson, 1970, 
p. 362], the storm location within the watershed 
is of only second order importance in this de- 
velopment. Thus for computational convenience 
we will always center it about the stream and 
place it tangent. to the stream mouth. The sec- 
ond reason results from the observation of 

Betson [1964] that the catchment area con- 
tributing to direct runoff is usually only a frac- 
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Fig. 6. Idealized catchment-stream element. 

tion of the area wetted by a storm. Betson 
observed this percentage to be as low as 5% 
in some cases and for the humid areas he 

studied to occur in the low portions of the 
catchment near streams, where the initial soil 
moisture is highest. 

Accordingly in this analysis the. runoff area 
(the area contributing to. direct runoff) is as- 
sumed to be a narrow band symmetrical about 
the stream. It will contain the stream mouth 

and will have catchment and stream dimensions 

Rc and Rs, respectively (Figure 6). 
Overland fio.w. The equations governing the 

kinematic wave for overland flow are 

With mc ,-- 2, ac can be shown to be [Eagleson, 
19'70, p. 331] 

Ore = (2gSe/ycf) 1/2 

where S, is the sine o.f surface slope angle, g is 
the gravitational acceleration, and c• is the 
dimensionless surface resistance coefficient. 

The various possible overland flow regimes 
are illustrated in the upper portion of Figure 7. 
Of particular interest in this study are the over- 
land flow time constants tp and tc and the nu- 
merous alternative flow regimes defined by the 
magnitude of these constants relative to the 
duration of rainfall excess tre. 

By means of (27) and (28) and only for con- 
stant and uniform •e the time t• at which the 

surface will produce its maximum flow rate when 
m•-- 2is 

= < 

For t, < t• the recession of overland flow 

begins at time tp, which is given by 

t, = (t,e/2) -+- (Rc/2ac•,t,,) (31) 

dq dy 
dt dt 

dq _ •, dy _ •/cc 
dx• dx• 

(27) 

where variables used to define flow over the 

catchment surface (as distinguished from 
streamflow) will be represented by the subscript 
c. These equations apply along the character- 
istics 

dxc/dt = cc = otc mcy me-1 (28) 

[Eagleson, 19'70, p. 342]. The corresponding 
flow rates of interest at x, -- R, are 

q = a,(•,t) •' t, > t < t,e (32) 

and 

q• = R,½• t,, _> t, (34) 

Streamflow. The equations governing the 
kinematic wave for streamflow due to direct 

runoff are 

In addition the dynamic equation to be satisfied 
is 

q = otcy m• 
where 

dQ• dA• 
dt - 2qc• dt - 2q 

dQ• dA• 
- 2q 

dx• dx• 
- 2q/c• 

(35) 

me, 

q, overland flow rate per unit of stream length; 
y, depth of overland flow; 

xc, distance of overland flow; 
•,, areal and temporal average rate of rainfall 

excess for individual storm; 
c,, propagation velocity of surface disturbance; 
ac, parameter reflecting slope and roughness of 

surface; 
parameter reflecting flow regime (equals 2 
in this study); 

t, time. 

where variables used to define streamflow will 

be distinguished by the subscript. s. These equa- 
tions apply along the characteristics 

dx•/dt = c• = ot•m•A• m'-' (36) 
In addition the dynamic equation to be satisfied 
is 

Q, = ogsAs ms (37) 
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Hydrograph anatomy from the kinematic wave. It is assumed that ts >_ to. 

where 

Qo, streamflow rate due to direct runoff; 
A,, cross-sectional area of streamflow; 
xo, distance of streamflow; 
co, propagation velocity of surface disturbance; 
a,, parameter reflecting slope and roughness of 

stream channel; 
m,, parameter reflecting flow regime (equals 

] in this study). 

When ms -- %, as can be shown to be 

= 

where Ss is the sine of slope of the stream chan- 
nel and Ps is the wetted perimeter of the stream 
cross section. 

If we continue to consider only constant and 
uniform •e, there are three important time con- 
stants for the stream corresponding to the pos- 
sible conditions of lateral inflow 2q during the 

passage of the disturbance down the stream 
channel. By means of (35) and (36) and for 
rns -- % these constants are as follows. 

1. For q constant at its maximum value 
(equation 34 ) 

sR•/ tre __> tc + t, (38) 
When ts is added to the time constant tc for 
overland flow, we obtain the concentration time 
t. for the entire catchment. That is, 

t, = t•-]- t, (39) 
2. For q continually increasing from zero 

(equation 32) 

tr, >_ t•'_• t, (40) 



and 

( 25R82 •1/• t,' > . ---•--• t,. < t,' (41) 

For q constant at less than its maximum 
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result of variations in geomorphology and in 
climate) to fix the dimension Rs of the rainfall 
excess area at the full stream length. Thus 

and value (equation 33) 

where 

1/3 tre < te (42) 

t.'> t.< (4a) 

Alternative stre'amfio•v, hydrographs. There 
will be many alternative forms o.f the stream- 
flow hydrograph, according to the relative mag- 
nitudes of t,•, to, t s, rs', •s", and t•. Those forms 
leading to different expressions for peak direct 
streamflow are enumerated on the 'decision 

tree' of Figure 8. 
Further simplification of the problem may be 

possible through a pruning of this tree to re- 
move the least probable alternatives. Consider 
first the relative magnitude of tc and rs. 

By means of (30) and (38) we have 

s 4 4 • (44) t•/te = (ae Rs ie/4as Re )1/6 
To determine an average value of this ratio, 
we must relate the dimensions Rc and Rs of the 
direct runoff area A• to the catchment area Ac. 
It is consistent with our earlier assumptions 
(that A• is a narrow band along the mainstream 
and that the variability of Ar is primarily a 

Equation 46 forces all the variability in Ar into 
its lateral dimension Re. Equation 44 can now 
be rewritten 

t,/te = (SoteaLfi,/ots•A,*) 1/ø (47) 
We can average ts/tc across the distribution of 
A, according to 

• Ae• ote• ors I 
foACt = (At) •(A,) d A, (48) 

To integrate (48), we will need an assumption 
for the marginal distribution of A•. The simplest. 
assumption that allows for a distribution of 
values and yet provides the bias toward small 
fractions of the catchment area observed by 
Betson [1964] is the triangular distribution 

0 _< A, <_ Ae (49) 

By means of (47) and (49) and the fact that in 
the average stream the length is related to 

t c 

t; t' s 

d t'•< tp- treb t'• > tp- tre t'•< tp-treC• t'•>t c• t'&< tp-tre• t'• > tp- tre 
Fig. 8. Decision tree for peak direct streamflow. 
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catchment area by 

Ls : (3 Ac) 1/2 (50) 
[Eagleson, 1970, p. 379], equation 48 gives 

/ a _ \1/6 
[ otcSe I = 1.35 • '•5-• z/• (51) 
NOt s 2-• c / 

where ,as and ae are in reciprocal seconds, h is 
in inches per hour, and A• is in square miles. 
The literature reports values of a• and a• in the 
ranges 0.1-10 and 0.1-1, respectively. If h -- 
0.1 in./hr is used as representative of the excess 
intensity of sto•s producing moderate floods 
and .a• -- 10 sec -• and a• -- 0.1 sec -• are chosen 
as typical values, 

E[t•/t•] = 13.5A• -1/1• (52) 
From this approximation we can draw the im- 

portant conclusion that 

y (aa) 

over the practical range of catchment sizes. 
The kinema4ic wave theory adds the condi- 

tions 

>_ (530) 

t,' y t, (53c) 

t," y t, (53a) 

When these conditions are combined, it is 
reasonable to assume that 

rrob [tst >_ tel • I (54) 
and 

prob [ts"_> t•- tre] • 1 (55) 

Equally convenient. and only slightly less valid 
is the additional assumption that 

prob [t,' > tre] • I tre< t, (56) 

The decision tree of Figure 8 may now be 
reduced to the relatively simple form shown in 
Figure 9 with only three alternative flow re- 
gimeso 

Peak direct streamflow. The hydrographs 
for the three important flow regimes are illus- 
trated in the lower portion of Figure 7. 
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re < fc + ts] 

I -rs ,><tre-> tc-I O• r t.r, e<!c 7 • 
L t's->tre J Qrnax2 •t • t>s t• :r•reJ Qrnax3 

Fig. 9. Reduced decision tree for peak direct 
streamflow. 

Flow regime 1 

Q .... 
In this case the entire direct runoff area will 

contribute to peak direct streamflow. For As 
(xs = 0, t) ---- 0 and by means of (34) and (35) 

Flow regime 2 

qmax dx• = 2ReLs•e 

= Ar•e tre •' t, (57) 

For As(xs ,= 0, t) = 0 we can integrate along 
the limiting characteristic to find the area As 
(xs = xw, t = re), where xw denotes the loca- 
tion along this characteristic at t = re. By means 
of the second part of (35) and (32) this area 
is given by 

fO tc 2 - 2 ms(xw, re) ---- 2 Ote(7et) :• at-- •Ote•, te a 

Since t s' > t s and t• > t,, •he distance x• is 
less •han L•. If we continue along this charac- 
teristic, our earlier assumption •ha• t/ > t•, 
allows us •o calculate •he area A• 
t = t•,) •h assurance •ha6 x• < L•. This 
calculation is accomplished by 

As(xw, tre) -- 3 - • • '•Otc•e [c • 2 

from which 

-= 

----•Ote•e:•tea(3t•ce- 2) 

Ote(Tete) :• dt 

(59) 

(60) 
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The streamflow area at x8 -- L8 will continue to 

increase for some time beyond the value given 
in (60). We can continue to integrate along the 
limiting characteristic until the time t, • at which 
this characteristic reaches the mouth of the 

stream. From (60) this value is expressed 

A•(L• t,') = 2 -• a(3t,-• 2) , •Olcg e t• \ t• -- 

ft t*t + 2q at (61) 
re 

For t > t•, the lateral inflow is decreasing ac- 
cording to (29), in which the end depth y• is 
•ven by 

R• = a•y•-l[y•g,-l+ m•(t- t•,)] (62) 

[Eagleson, 1970, p. 342]. Linearizing (62) by 
replacing y• inside the brackets by its value at 
t = t, • t•, and letting m,, = 2, we can solve 
for y• to get 

y• • •,/[,,t, + 2,,(t -- t•,)] (6a) 

t>t•,•t• 

By means of (29) the lateral inflow for these 
times is then 

-1 '2t- t.) q = .. 

t>t•,•t• 

Equation 61 can now be integrated to give 

' •** • L t• -- 2 

+ • [L[t, •-- t•, + (L/2)] 
A still further increase in this end area will 

occur until the declining lateral inflow over- 
balances the increasing upstream contributions 
from the earlier, higher inflows. Unfortunately 
it is not possible to find this maximum area 
explicitly. However, for large values of the ratio 
t,/L the added increase will be small. Equation 
65 will thus be used along with (37) to approxi- 
mate the peak streamflow rate in this flow regime. 

Flow regime 3 

Q .... t•e < tc 
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-For A,(x, = 0, t) = 0 we can integrate along 
the limiting characteristics to find the area A• 
(x, = xw, t = t•,). As for (58) we get 

As(xw, t•e) -- (2/a)ot•Te't•e a (66) 

Since t/ > t• > t,, we know that at t = t•,, 
xw • L•. Under our earlier assumption, tJ' > 
t r -- t•e; thus we can continue along this char- 
acteristic to find the area at t = G. As for (59) 
we get 

•(•w, t3 ---- •,(•, t•) 

(67) 

y• •--- R•/a•(2t -- t•.e) 

and then 

--1 '2t- t•e q = a• t > t• (71) 

t•e < t, 

Equation 69 can now be integrated to give 

t, --t• (72) + ' '- e) a• (2t, -- t• 
Again a further increase in area occurs but 
cannot be found explicitly. For large t,/L this 
additional increase is small, and we will use 

t> t• (70) 

t•e < t• 

By means of (31), (67) becomes 

As(L•, t•) = Ot½•e•t•ea[_\t•e / -- 
Once again the streamflow area at x•: L• will 
continue to increase for some time beyond the 
value given in (68). We will continue to inte- 
grate along the limiting characteristic as before 
to get 

t, t + 2q at (69) 

Linearizing (62) by replacing y• inside •he 
brackets by its value a• t • t• gives 
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(72) in (37) to approximate the peak streamflow 
rate in this regime. 

It will be convenient to rewrite (57), (65), and 
(72) so that with ac and a, in reciprocal seconds, 
ie in inches per hour, t,e, L, t•, and t.' in hours, 
R• and L, in miles, and .4, in square miles, 
Omax is in cubic feet per second. Doing so for the 
first regime gives 

(5•S0)•' •,• = 6•5•& (73) Q .... = (12) (3600) 
t•,•_t, 

In the other two regimes 

Qm.,• ---- ot•[ As(L•, t.t)]a/2 (74) 

value Q .... Mathematically this relationship is 
expressed 

FQ'(Qmax) 

- fff l(ie, t,.e, A,.) die dt,.e d A,. (79a) 
R(Oraax) 

Because of our ignorance of the joint dependence 
of Ar and the rainfall excess variables and to 
keep the mathematics tractable, we have as- 
sumed them to be independent. Thus for a given 
eatehment where the climate and geomorphol- 
ogy are fixed, Ar is not a variable, and the 
cumulative density function of interest may be 
written 

where the expressions for A• in terms of these 
convenient units are for t, _• tre < t, 

As(Ls, t,') = 16.7a,ie2, a 3•-•- 2 

7720Rc2 t•'-- t•, 1 q- , (75) 
t, - + 

and for t•, < tc 

7720RcZ• t,'-- t,, q- a• [It,' -- (t,.•/2)](2t• -- t,.,) (76) 
Time constants. By means of (30), (38), 

and (46) the principal time constants can be 
written in the same set of units used for Q•: 

and 

t, = 2.97(A,./a, Lj,) (77) 

t, = 0.167[L,/(a,2•ie) TM] (78) 

DERIVATION OF FLOOD FREQUENCY 

Pro. bability mass function. To derive the 
probability mass function (i.e., the cumulative 
density function) for peak streamflow 

Fot(Qmax) = prob [Q < Qmax] 

we must integrate the joint density function 
[(•e, t,e, A,) over the region R(Q,.a,•) within 
which the peak streamflow Q is less than the 

R (Omax) (790) 

The region R (Q•a•) is illustrated graphically in 
Fibre 10 and is bounded by the positive L and 
•, •xes and by the •ppropriate analytic ex- 
pressions for Q• in the three separate regions. 
Also shown on this figure are two contours of 
the joint density function [(L, t•[A•) as given 
by (26), which rises out of the plane of the 
illustration to. fo• the probability volume we 
are trying to describe. 

In region 1 of R(Q•) the integration of 
(79b) is limited by the 'exact' expression for 
Q .... given by (73). In region 2 the limit is 
provided by (74) and (75), which give an approxi- 
mation for Q .... . The approximation •rose 
first through our inability to find the precise 
maximum of A, and second through the expe- 
dient assumption that t, • = t, for the purpose of 
evaluating (75). The extent of the error 
introduced by these approximations is indicated 
by the discontinuity in the curve of constant 
Q• at the regional boundary t•, = t,. The 
scMe of the illustration is insu•cient to show 

the similar limit of integration in region 3, but 
it is defined by (74) and (76) to the same degree 
of approximation that it was for region 2. 

To carry out the integration of (79b), it will 
be convenient to break the region R(Q•) into 
two pieces such that 

Fot(Qma•) = 11 + 12 (80) 

When (26) is used to define the joint density 
function, 
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I 

tre•t tre•t• 
I 

c' • I \•l'Eqs' 74 and\75 / 

• \\\ ./Qmax=2'l,500cfs, Eqs, 8% 98, ond 9 
. • • • Omox:21,500cfs, Eq. 73 

•Region3•Xg Region 2 > • Region I 
• '', 
• • • I0 -2 ' - •_ • •/////•///////////////////••//////////////////////////////////////• o 

o I 2 3 4 5 6 7 8 9 I0 II 
fre (hours) 

Fig. 10. OraphicM interpretation of probability calculation, where • = 30 hr/in., X = 0.13 
hr -•, A• = 100 mF', A, = A•/3, L• = (3Ac) •/•', -c = 10 sec -•, as = 0.1 sec -•, and t,' -- t,. The 
shaded areas represent R(Qm•x). 

dtre K 

- /• g,)di, ß exp (--Xtre • (81) 

or 

11 = i -- exp (--fiQm•,•/645KA,) (82) 

which represents the volume of the joint prob- 
ability density function contained within the 
semi-infinite slice bounded by the planes L = 0 
and h = Qmax/645A•. The second integral is 

where 

ax/645Ar K 

ß (83) 

tre---- g(•) (84) 

represents the peak streamflow expressions 
Q ...... (ie, t,e) solved for t,e at constant Qm..,•, 
as is shown on Figure 10 in region 2. Letting 

i= •e - Qm•,•/645A,. (85) 

Equation 83 can be simplified to 

I•. = exp (-- __•_Qm.,: •J1 -- fi 645KA•/( K 

Our ability to carry out this last integration 
depends critically on the form of g(i). In par- 
ticular, if 

g(i) = t,• = B/i m (87) 
then 

where 

with 

and 

This integral 

•Qm•,• )(1 -- Io) (88) I• -- exp --645KA• 

Io = a L• exp (--ai -- •g) di (89) 

a = fi/K (90) 

can 

b = XB (91) 

be approximated closely 
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(C. C. Mei, personal communication, 1971) by 

Io • e-'/ma-'+•F(a) (92) 

provided a is of order unity, where 

•r = a(mb/a) •/(m+•' (93) 

We wish to choose m and B so that (87) will 
give • good approximation to the actual limits 
of integration in regions 2 and 3 as given by 
(74), (75), and (76). This operation was done 
by forcing (87) to pass through the point at 
which the 'true' limit in region 2 intersects the 
curve tr, = •. The exponent m was then se- 
lected by trial in an attempt to balance the 
unavoidable surplus volume outside R(Qm.•) in 
region I with a deficit of volume in the other 
regions. 

At tr, = to, (75) becomes 

A,(L,, t,') = 16.73c{?tr? 

-]- (94) 
- 

Since t,' > t, -- t• + ts and ts • t•, we will 
assume 
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Now from (90), (91), (93), and (99) 

ß 3 113 a ---- 2 21 Ka•L•\I acL8 Qmax 

(t,' -- t•)/[t,' -- (t•/2)]---• I (95) 

We can now use (74), (94), and (95) along with 
(47) and (77) to find the coordinates of the 
point to be maintained in finding B. These co- 
ordinates are 

i, = 0.85 X 10-•aO\Ar/ x a•/ 
and 

3230( A•¾( as ]•/a t, = t,,- • x-•/xQ--•/ (97) 
If 

m = 1/2 (98) 

(85), (87), (96), (97), and (98) define B to be 

(a__•_)l/•( 18303,4/• A?) TM B = 2.97 I -- L c s O/c s qq•max 

(99) 

By means of this value and (98), (87) can be 
compared with the true limit for a particular 
case in Figure 10. 

(100) 

which will be of order unity or less for all 
practical combinations of catchment and climate 
parameters. 

We may now proceed to. integrate (86). For 
flood frequency we will want the exceedance 
probability 

F(Qmax) = I- FQt(Qmax) (101) 

By means of (80), (82), (88), and (92), (101) 
becomes 

-• -•+lr(a) exp ( F(Qm.•,,)=e o' - 
645KA• 

(102) 

fl(Q•- ß exp -- •-5• J 
provided • is of order unity, where 

(105) 

(106) 

where a is defined by (100). 
Flood peaks. Thus far all developments have 

been in terms of the pe•k direct streamflow 
Q .... To find flood peaks, we need to add to 
peak direct runoff the contributions from ground- 
water. We will approximate this contribution 
by the •vemge annual 'base flow' Q•, which 
can be written 

- -- 
(365) (24) (3600) (12) 

= 0.074(1 -- 'I,•)'IhPAc (103) 

where P is in inches, A• is in square miles, and 
thus Q• is in cubic feet per second. The peak 
total streamflow ('flood peak') is then 

Q• = Qmax -•- Ob (104) 

whereupon (102) gives the desired flood fre- 
quency to be 

e-" = 
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Equation 105 is of the form 

F(Q,,) - Io(1- I1) (107) 
which means that L is proportional to the vol- 
ume of the probability hill of Figure 10 in the 
region external to R'(Q.•a.•). That is, 

12 

prob IQ •_ Qmax •,• Qmaxl 
- 645Ar_J 

From (87), (98), (99), (104), and (106) we 
see that 

g(i)- 2o'3/2[(K/•k2)/i] 

Thus for given K/[3X 2 the integral I2 will vanish 
as •r--> 0. We can therefore say 

Io = 1 a << 1 (108) 

Parameter/o as given by (92), (98), and (108) 
is plotted in Figure. 11. 

o 

iO-I 

i0 -3 

10-4 

i0 -õ 
0 -z I0 -I I I0 

Fig. 11. Graphical evaluation of integral Io for 
m - «. The curve represents Io - e-2'a-'+•r(a). 
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Recurrence interval. For hydrologic pur- 
poses it is convenient to express the exceedance 
probabilities in terms of a recurrence interval 
measured in years. The distribution F(Q,,) de- 
scribed by (105) is for a partial duration series 
composed of all independent peak flow events, 
however, and we must convert it to the equiv- 
alent distribution for an annual exeeedance 
series. 

Consider • record of stream discharge N 
years long. It will contain nN flood peaks, which 
are samples from a population distributed ac- 
cording to (105). The rth most severe event 
Qp• in the sample will have an exceedance prob- 
ability that is generally approximated by 

F(Q•) = r/(nN -]- 1) (109) 

The annual exceedance series selected from 

this same N-year record will contain only N 
flood peaks, which are the worst N events in the 
set of nN. The exceedance probability of 
as determined from the annual exceedance series 
is written 

r 1 

prob [Q• •_ Q•r] = N-•- 1 - Tr (110) 
where T,is the recurrence interval in years on 
an annual exceedance basis. 

The rth event. in both of these sets is identical 

(r _• N), and we can write 

prob [Q• •_ Q•,] nN -[- I 
F(Q•,) N -•- I 

(111) 

For N )) 1, (111) becomes by means of (110) 

1/T• = nF(Q•) (112) 

which together with (105) defines the desired 
flood frequency function for a particular catch- 
ment to be 

•l•2(•Tz 
-20. -,+1i,(• ) 

/•(Q•- •)•)1 ß exp - 645•.•: (113) 
• being defined by (106). 

The flood event Q• having recurrence interval 
T• on an annual exceedance basis will have a 
different recurrence interval T• on an annual 
maximum basis. These intervals are related 
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according to 

TE = 1/[ln T,z- In (T,z- 1)] (114) 

[Chow, 1964]. 
Dimensionless flood frequency. It is helpful 

to view the results of this analysis in dimen- 
sionless form. The dimensionless frequency is 

II, = 4h4,•.OTE (115) 

The dimensionless discharge is 

m. = •(Q•- O•)/•4•Z{• (11•) 

and the parameter a can be rewritten 

• = n•[1 - (n•n?/m. 1•)]1• (11•) 
where 

and 

H3 = •o = (.2.21•X•'Ar) '/3 KacL8 (118) 

(Kc•8 2 A r / 2/3 97.3 \-•'•L,• (119) 
Note again that the system of units being 

used is convenient rather than consistent. That 

is, Q is in cubic feet per second, Ar is in square 
miles, L8 is in miles, T,is in years, ac and 38 
are in reciprocal seconds,/• is in hours per inch, 

P.S. EAGLESON 

and X is in reciprocal hours. With these units 
it is necessary to incorporate the numerical 
conversion factors into the definitions of the 

dimensionless parameters so that they may be 
unitless also. 

The dimensionless theoretical flood frequency 
is presented in Figure 12 for representative 
values of the primary and secondary catchment- 
climate parameters • and I14. The definition of 
• and II4 in terms of physically realistic param- 
eters describing the extent and nature of the 
runoff-producing surface makes. this work us.e- 
ful for predicting the flood-generating effects of 
changes in land use. 

Notice first the structure of (113). It can be 
written 

H, = (1//o) exp (Ha) (120) 
or 

H2 = In (/oH,) (121) 
From (117) we see that whenever 

n,oVm. << • (122) 
the parameter • and hence L will be insensitive 
to variations in IL. This situation appears to be 
common except for very large catchments 
and/or very small flood peaks; thus (113) is 
essentially a semilogarithmic relation of fixed 

Fig. 12. Theoretical flood frequency; 1/½IheI'20T• = e-2'•-'+lr(•) exp [-- •(Q,, - •)•)/645KA•]; 
• = •o [1 - II•o•/II21/•]l/•; •o = [2.21•X2A,/Ka•L•]l/•;II• = 97.3 [Ka,2A,/•X•L•] 2/•. 
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slope, level being determined by L(•). This 
relationship provides a theoretical foundation 
for the observation of Linsley [19'58, p. 257] 
that '... the partial flood series generally ap- 
proximates a straight line on semilogarithmic 
paper (discharge on arithmetic axis).' This re- 
lationship is indicated in Figure 12 by the paral- 
lel lines for 174 -- 0. Of course, when the con- 
dition of (122) is not satisfied, the flood 
frequency relation is concave upward on semi- 
logarithmic paper. This relationship is indicated 
by the curves for IL -- 0.5 (• -- 1.0) and for 
174 -- 0.05 (• -- 2.0) in Figure 12. For rare 
events these curves approach the straight lines 
of 174 -- 0 (for the appropriate •o), since in- 
creasing 17• restores the condition of (122). 

Since L _• 1, the discharge 1-I2 approaches the 
upper limit 

n• = • (n•) (•) 

as •--• 0. Alternatively the recurrence interval 
IL approaches the lower limit 

n• = exp (n•) (124) 

as • -• o. As • increases from zero, I0 decreases, 
and according to (120), II• increases and thus 
signifies the increasing rarity of the flood event 
II2. The factor I0 is present to account for produc- 
tion of the given flood from rainfall excess events 
for which L _• (Q• - •b)/645Ar. The rarity 
of this event is indicated by the 'largeness' of 
or, to the first approximation, of • o. The param- 
eter • o in turn is a function of the climatic param- 
eters • and k, the catchment parameters c•c and 
LB, and the catchment-climate parameters 
and K. 

The product •k • is controlled by the value 
of k, large values of •k • being created primarily 
by climates having predominantly rainfall 
excess events of short duration (on the average). 
This circumstance produces • concentration of 
occurrences in the region of Figure 10 represented 
by the volume 12, which is proportional to I -- I0. 
Large values of A•/KL• indicate long overland 
flow distances, whereas small values of c•c indicate 
low velocities. Thus large values of 
are associated with large t• and, since t8 • t•, 
with large t,. Again these circumstances increase 
the probability represented by I -- I0. 

Thus we conclude that climates dominated 

by convective storm events and large, fiat, and 
rough catchments tend to produce smaller 
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floods of a given frequency than climates domi- 
nated by cyclonic storm events and small, 
steep, and smooth catchments. 

It is interesting that the stream channel 
parameter as appears only in 17, and thus has 
only a second order effect on •r and lo. 

It is instructive to view Figure 12 from the 
viewpoint of anticipating the effect of urbaniza- 
tion on a given catchment. Urbanization be- 
ginning with a natural surface may through 
reduction of surface roughness increase a• faster 
than A•. This effect will cause 17• to approach 
its upper limit for a given IL. Actually since 
ß • • will also increase with urbanization, the 
recurrence interval will drop even for constant 
17•. Channel-straightening operations that sig- 
nificantly reduce Ls will cause an increase in •ro. 
Unless this effect is compensated for by an 
increase in 174 through the accompanying in- 
crease in stream slope (and hence a•), • will 
rise, and the flood peak at constant frequency 
will decrease. 

Although they are mutually independent, both 
•ro and 174 are sensitive to variations in the 

primary variable A•. The nature of this sensi- 
tivity is such that the practical range of II, 
decreases with increasing •ro. For given •ro and 
constant dimensionless frequency the dimen- 
sionless flood peak will increase with increasing 
174. This increase may be caused by stream 
ehannelization, which increases ,• through 
roughness reduction. This effect is much more 
pronounced at lower frequencies and higher 
values of •ro. 

co•P,•soN w•T• O•S•V•T•ONS 

Individual catchmerits. We will now com- 

pare the derived flood frequency distribution 
with observations from some of the 44 Con- 

necticut catchments studied by Bigwood and 
Thomas [1955]. These data are annual maxi- 
mums; thus to be compared with this theory, 
their plotting positions T• must be converted 
to T• through (114) by using 

2% = + 

The three catchments used in the comparison 
were chosen (1) to maximize N and (2) to cover 
• wide range of the sizes studied. To plot the 
theoretical relation, (113) requires the assign- 
ing of values to the various catchment and 
climate parameters. Those parameters given 
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by the U.S. Geological Survey [1971] and 
Thomas and Cervione [1970] are listed in Table 
2. 

Snowfall is included in this table to demon- 

strate its relative insignificance as far as annual 
averages are concerned. Of course, it is quite 
possible that extreme floods fram these catch- 
ments may involve snowmelt, and this de- 
velopment has not taken this phenomenon into 
account. For other parameters values from 
nearby areas must be used: •. -- 0.58 (Table 
1), fi -- 30 (valid for Boston; Figure 3), X -- 
0.13 (valid for Boston; Figure 2), and O -- 
109 (valid for Boston). 

Choosing values for .ac, as, and Ar presents 
a more difficult problem. The parameters ac 
and a8 were assigned representative values that 
also satisfied the earlier assumption that t• > 
t•: a• = 10 sec -• and a., = 0.1 sec-L In prac- 
tice these parameters are best found through 
fitting the kinematic wave model to one or more 
sets of rainfall-streamflow hydrograph observa- 
tions [Harley et al., 1970]. The area producing 
direct runoff is best approximated through field 
observation during an extreme rainfall event. 
For a heavily urbanized area, Ar may approach 
A,. In this comparison th• theory is evaluated 
for two values 

A•/A, = 1/3 (126) 
which corresponds to the meax• value of A• 
as distributed according to (49), and 

A•/A, = 1/2 (127) 
which is the mean of the uniform distribution 

[(A•) = 1/A, 0 _< Ar _< A, (128) 
The comparison of theory and observation is 

TABLE 2. Characteristics of Connecticut Catchmerits and 
Climates 

Parameter 

East Branch Shepaug 
of Eightmile River near Shetucker 
River near North River near 

North Lyme Roxbury Willimantic 

A c (net), mi • 22 133 383 
Ls, miles 10.5 38.8 33.1 
Ss, ft/mi 36.8 26.4 11.7 
So, ft/mi 100 85 58 
P, in./yr 48.4 46.6 44.7 
Snowfall, in./yr 37 63 48 
(Ih 0.55 0.52 0.51 
N (1955) 15 21 24 

shown in Figure 13. The shape of the observed 
flood frequency relation is reproduced fairly 
well by the theory, and the chosen values of 
A•/Ac seem to bracket the observations except 
for the extreme events, where the plotting 
position is uncertain. 

We have no assurance of course that the 
values of .a, and a, chosen are the best. Indeed 
the tabulated values of S, would indicate that 
a, may vary significantly among the three 
catchments. 

Regionalization. One statistic that has re- 
ceived much attention as an index of catch- 
ment behavior is the so-called 'mean annual 

flood.' To adapt our earlier derivation for this 
regionalization, we must remember the geo- 
morphologic variability of A• for catchments 
of given area A•. Thus (79a) must be rewritten 
according to 

Fot(Qma,,) = ](A•) dA,. 

ß ff• •(•, try) dg, dt•, (129) (Omax) 

where our earlier assumption of independence 
of A• and the rainfall excess variables has 

been continued. Beeau• of the complex appear- 
anee of A• after the inner integrations are 
performed, the exact analytic integration of 
(129) is difficult. By means of the earlier nota- 
tion (129) can be rewritten 

Fot(Qm•) = 1- Io 

ß exp - I(n) (1o) 
which can be integrated if I0 is first replaced by 
•0, where i0 is given by (02) with a = a. The 
definition of a is as given in (106) except that A• 
is replaced by 

2• = •[•] (1•1) 
and L, is defined by (50). 

Using (101) and (112), we then have 

F(Q) = 
.{1_ exp 645KA• 

ß I(•) an• (1•2) 
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Fig. 13. Annual exceedance flood series for three Connecticut rivers. The lines indicate theo- 
reticM values obtained from equation 113, and the circles and triangles observed values [Bigwood 
and Thomas, 1955]. Lines la and lb and the upper group of circles are for the Shetuket River 
near Willimantic (A, - 383 mi•); lines 23 and 2b and the triangles are for the Shepaug River 
near North Roxbury (A, - 133 mi•); and lines 33 and 3b and the lower group of circles are for 
the east branch of Eightmile River near North Lyme (A• - 22 mi•). The values of Ar/A•, •o, 
and II4, respectively, that correspond to the lines are: line la, 1/2, 0.92, and 0.76; line lb ,1/3, 0.80, 
and 0.58; line 23, 1/2, 0.61, and 0.28; line 2b, 1/3, 0.53, and 0.29; line 33, 1/2, 0.49, and 1.23; 
and line 3b, 1/3, 0.43, and 0.94. 

With /•(Ar) as given by (49) the approximate 
regional flood frequency relation becomes 

exp (k/ A,) 

q-•-•q- 2.2! q- 3.3! q- "' (133) 
where Euler's constant 7 is 

7 = 0.5772157.-. (134) 

k = -/•(Q,- •),)/645K (135) 

alternative but seemingly cruder ap- 
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1/1.79 = nF(Q•,) (136) 
On this basis the observations are presented 

in Figure 14, in which they are compared with 
three theoretical distributions. The lower solid 
line represents (133) as well as (113) wi•h Ar = 
,• = A,/3. Apparently there is a negligible 

An 

proximation to the regionalization problem 
continues to relate L8 and A, by (50) but now 
replaces A• everywhere in (113) by its average 
value as given by (131). 

and 

Bigwood and Thomas [1955] have tabulated 
mean annual floods taken from o.bserved series 
of annual maximum floods for 44 catchments 
in Connecticut having areas A, of 4.1-1545 
mi' (including the three catchments in Figure 
13). The definition of the mean annual flood 
in an annual maximum series is usually based 
on the assumption that the annual maximum 
floods are distributed according to the type 1 
extreme value distribution o,f Gumbel [1941]. 
The expected value of this distribution has a 
recurrence interval T• = 2.33 years, which ac- 
cording to (114) is equivalent to T• = 1.79 
years. To compare these observed mean annual 
floods with the distributions derived here, we 
must therefore use (112) to write 
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Fig. 14. Mean annual flood on Connecticut 
rivers. The solid lines indicate theoretical values, 
the dashed line the least squares fit to observations, 
and the circles the observed values [Bigwood and 
Thomas, 1955]; L8 -- (3Ac)'/•'; Tr = 1.79 years. 
The solid circles labeled 1, 2, and 3 correspond to 
the catchments on the Shetuket River near 

Willimantic, the Shepaug River near North Roxbury, 
and the east branch of Eightmile River near North 
Lyme, respectively. 

quantitative difference between the two approxi- 
mations. The upper solid line represents (113) 
with Ar = •r = Aft2. All the theoretical distri- 
butions are evaluated by using the parameter 
values for Connecticut from Table 1 and for 

Boston rainfall from Figures 2 and 3. 
Also shown on Figure 14 as a dashed line 

is the least squares fit to the 44 observed points 
as determined by Bigwood and Thom• [1955]. 
It is interesting that the two theoretical dis- 
tributions bracket this fitted relationship over 
the range of observation. 

Note in evaluating Figure 14 that constant 
values of ac and a, as well as constant values 
of A,/Ac, AdLf •, •, and • were used in the 
theory for all catchments. Unaccounted for 
variations in these parameters will cause a dis- 
tribution of mean annual floods for a given A•. 
Nevertheless there must be a considerable 

degree of geomorphologic as well as climato- 
logical homogeneity for catchments from a 
given region. Figure 14 shows the extent of 
this homogeneity and hence the degree to 
which mean annual floods may be regionalized 
in Connecticut. 

SUMMARY AND CONCLUSIONS 

The flood frequency relation for individual 
natural catchments has been derived theo.ret- 

ically by beginning with observed probability 
distributions of rainfall parameters and ex- 
pressing catchment dynamics in terms of the 
kinematic wave. The resulting relationship. be- 
tween flood peak Qp and annual exceedance 
recurrence interval TE has the form 

Q2• --- 

where 

645KA, 

ln[+•+•.OTre -•" + ß (y 

0.074(1 -- +e)+•PA• 
and 

A½• 
At, 

K, 

P, 

O, 

catchment area in square miles; 
area producing direct runoff; 
overland flow surface parameter in reciprocal 
seconds; 
stream bed parameter in reciprocal seconds; 
fraction of runoff occurring as direct runoff; 
fraction of rainfall occurring as runoff; 
fraction of point rainfall occurring as areal 
rainfall; 
average annual rainfall in inches; 
parameter of rainstorm duration distribution 
in hours; 
parameter of marginal distribution of point 
rainstorm intensity in hours per inch; 
average annual number of independent 
rainfall events. 

The principal assumptions involved are as 
follows. 

1. The kinematic wave method is applicable 
to the forecasting of peak streamflows. This 
method is known to omit the diffusive attenua- 

tion of peak flows that accompanies flood wave 
movement in natural streams. Consequently it 
predicts peaks that are somewhat too high. 
However, it does contain the essential relative 
behavior of stream and catchment in a simple 
form that clarifies the critical relationship be- 
tween storm duration and the properties of 
the runoff-producing surface. 

2. The parameters defining the direct run- 
off-producing area and those defining the storm 
are independent, and the storm parameters 
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are independent among themselves. This as- 
sumption was expedient and was made through- 
out to facilitate the desired analytic solution. 
These simplifications will probably have to be 
removed if significant improvements and ex- 
tensions of the method are to be realized. A 

first refinement in the estimation of Ar would 

be to incorporate the effect of drainage density, 
which is probably the next most important geo- 
morphologic variable after Ac, LB, as, and 

This method of approaching flood frequency 
has the distinct advantage of revealing the 
underlying mechanics. It demonstrates clearly 
how the form of the distribution changes from 
catchment to catchment and provides the means 
for establishing the proper analytic form for 
a given .situation. 'This method should allow 
good estimates of flood frequency to be made 
in the absence of observation and should pro- 
vide a sound basis for extrapolating existing ob- 
servations. 

It is shown that to the first approximation 
(113) and (106) can be used to define regional 
flood frequency provided the area A• is replaced 
by its expected value for a given A•. 

The derived flood frequency relations are 
compared with observations from natural 
catchments in Connecticut, and the agreement 
is good. Additional work is needed to define 
better the area producing direct runoff as a 
function of the observable catchment, climate, 
and storm parameters. 

, 
Ac, 
At, 

As, 

B, 

Cs, 

, 
d•, 

NOTATION 

storm area, mi •-; 
catchmerit area, mi •-; 
direct runoff producing area, ft •- or mi•-; 
expected value of direct runoff area for 
given Ac; 
cross-sectionM area of streamflow, ft 
parameter of distribution of peak streamflow, 
hr/in.; 
parameter of fitted Q .... function, (in. hr)•-; 
parameter of distribution of peak streamflow, 
(in. hr)•; 
subscript signifying overland flow or 
catchmerit; 
propagation velocity of surface disturbance, 
ft/sec; 
surface resistance coefficient, dimensionless; 
propagation velocity of surface disturbance, 
ft/sec; 
point rainstorm depth, inches; 
rainstorm depth averaged over area A, 
inches; 

E[ ], 
F(), 

f(), 
q, 

g(), 
I, 
i, 

ie, 

m, 

me, 

ms, 

N, 
n, 

P, 
Ps, 

Qm •x, 
Q•,, 

Q•,r, 
Q•, 

q, 

qm•x, 

R, 
Rc, 

Rd, 
R•, 

S, 

Tr, 

TM, 

•r, 
try, 

expected value of [ ], units of [ ]; 
cumulative probability density function 
of( ); 
probability density function of ( ); 
gravitational acceleration, ft/sec•-; 
functionM symbol; 
integral, dimensionless; 
redefined rainfall excess intensity, in./hr; 
local intensity of rainfall excess, in./hr or 
ft/sec; 

•, temporal and spatial average rainfall excess 
intensity, in./hr or ft/sec; 

i0, time averaged intensity of point storm 
rainfall, in./hr; 

•0, areal and temporal average storm rainfall 
intensity, in./hr; 

K, factor reducing point rainstorm depth to 
average over A• for events of common 
probability, dimensionless; 

k, parameter of regional flood frequency dis- 
tribution; 
exponent, dimensionless; 
parameter of overland flow, dimensionless; 
parameter of streamflow, dimensionless; 
number of years in record; 
average annual number of rainfall excess 
events; 
average annual point rainfM1, inches; 
wetted perimeter of stream cross section, 
feet; 
annual average base streamflow, cfs; 
peak of direct streamflow, cfs; 
peak of total streamflow, cfs; 
rth peak total streamflow, cfs; 
direct streamflow, cfs; 
overland flow, cfs/ft; 
peak of overland flow, cfs/ft; 
average annual runoff, inches; 
dimension perpendicular to stream of area 
producing direct runoff, feet or miles; 
average annual direct runoff, inches; 
dimension along stream of area producing 
direct runoff, feet or miles; 

r, rank beginning with most severe of given 
event in an ordered array of observations; 

S, sine of slope angle of surface or stream 
channel; 
subscript signifying stream or streamflow; 
recurrence interval on an annual exceedance 

basis, years; 
recurrence interval on an annual maximum 

basis, years; 
t, time, seconds or hours; 

t•, time of concentration of catchmerit direct 
runoff area, seconds or hours; 

to, origin of time, seconds or hours; 
t•, time of start of overland flow recession 

for t•e • t•, seconds or hours; 
duration of point storm rainfall, hours; 
areally averaged storm rainfall excess dura- 
tion, seconds or hours; 

t•, time of concentration of stream segment 
within direct runoff area, seconds or hours; 
t• + t•; time of concentration of the combined 



898 r.s. EAGLESON 

X•, 

Ym•,x, 

r(), 

O, 

catchment-stream direct runoff area, seconds 
or hours; 

u, variable of integration; 
v, variable of integration; 

xc, coordinate of distance in direction of over- 
land flow, feet; 
distance of streamflow, feet; 
local depth of overland flow, feet; 
maximum overland flow depth, feet; 
end depth of overland flow, feet; 
variable of integration; 
parameter of overland flow, ft•-mc/sec; 
parameter of streamflow, fts-•'ms/sec; 
parameter of distribution of point rainfall 
intensity, hr/in.; 
gamma function of ( ); 
Euler's constant (0.5772157 ..-); 
average annual number of independent 
rainfall events; 

•, parameter of distribution of storm duration, 
hr-•; 

1I, dimensionless parameter of flood frequency 
function; 

•, temporally and spatially averaged potential 
loss rate, in./hr or ft/sec; 

•, dimensionless catchment-climate parameter; 
•0, dimensionless catchment-climate parameter. 
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