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ABSTRACT

The recession portion of the ephemeral stream hydrograph is

modeled as a conceptual analog of the discharge from a single leaky

reservoir. Physically, the reservoir may be considered to approximate

that portion of the ephemeral stream channel that is flowing at the

beginning of recession. The discharging reservoir is described by

a continuity equation and by discharge-stage and storage-stage

relations. No input is routed through the reservoir. It is assumed

that initially (at the beginning of recession) the reservoir has

water in storage.

The discharge-stage relation for the reservoir is defined by

the rating curve for the stream and storage-stage depends on reser-

voir configuration. A good agreement between observed and model curves

is obtained by optimizing two parameters, reservoir leakage rate and

initial storage, The agreement is most sensitive to changes in

initial storage. Best parameter values are physically realistic

and best reservoir configuration has leakage that varies directly

with stage (depth) and storage that varies as the square of stage.

viii



CHAPTER 1

INTRODUCTION

Streamf low in arid and semiarid climates typically occurs only

when surface runoff is generated from rather high rates of rainfall.

The duration of flow is usually brief, although occasionally flows

may last several days. Most of the year the stream is dry. These

flow duration characteristics define the ephemeral stream. The purpose

of this study is to examine the time characteristics of streamflow

under these conditions and to propose and evaluate a model to describe

the recession portion of the ephemeral stream flood hydrograph.

Interest is centered on ephemeral streamflow recession for

the following reason: in most cases, the ephemeral flood hydrograph

can be well approximated by simply attaching a recession curve to a

value of peak discharge. This is possible because the time of rise

to peak discharge in the stream is usually so short that it can be

assumed to be instantaneous with respect to the time scale of overall

flow duration.

Several purposes can be given for developing a model that

describes the ephemeral streamflow recession curve. Attached to an

instantaneous rise to peak, the recession curve gives an essentially

complete description of the hydrograph. This provides estimates of

flow peak-volume relationships which can be used with crest-stage

records as a means to synthesize a streamf low record from a sequence

1
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of peak flows. Flood waves may be routed by simply routing the peak

and attaching recession curves.

The model also provides the means to extend incomplete observed

recession curves. These occur frequently because the high sediment

load characteristic of ephemeral streamflow causes stage recorder

well intakes to become plugged with sediment before flow ceases.

These objectives can be met by a model that may be physically

based or simply an operational model with no physical basis, as long

as the model successfully mimics the recession curve. In this study

a simple physically-based model is presented with the intention that

the model may be used both where flow data do not exist and as an

operational tool.



CHAPTER 2

EPHEMERAL STREAMFLOW

General Characteristics 

The ephemeral stream flows only in response to surface runoff.

Most of the time, the stream channel remains dry. Runoff is generated

most frequently by rainfall, though in some areas melting snow may

provide a source of runoff. In the southwestern United States, most

floods caused by rainfall are the result of summer afternoon and

evening thunderstorms.

The thunderstorm is of brief duration, lasting from a few

minutes to rarely more than two hours. The resulting flow is also of

brief duration; depending on watershed size, flows may last up to

several hours.

Typically, large volumes of surface runoff water move into the

ephemeral channel in a short period of time, which is the cause of

the flash floods characteristic of semiarid and arid watersheds.

Frequently peak flow rate in the channel is reached almost "instanta-

neously" both because of the rapid increase in rate of surface runoff

and because the ephemeral flood wave forms a steep wave front early

in its travel downstream.

Two mechanisms contribute to the formation of the steep wave

front. First, rate of infiltration into the permeable streambed is

high at the wave front and decreases in the upstream direction. The

3
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effect on the flood wave until a shock front is formed is to steepen

the leading edge of the wave as it moves downstream. Second, the

deeper portion of the flood wave near the peak travels faster than

the leading edge of the wave with the result that the wave peak

approaches the front, until the peak and front coincide.

For a simple, single-peaked flow event, the rapid rise to

peak discharge is followed by the recession portion of the hydrograph.

The duration of recession generally is much longer than the time

required to reach peak flow. For the streams examined here, typical

times from wave front to peak flow are five to ten minutes with reces-

sions that last one to four hours. The resulting flood wave shape is

such that almost the entire hydrograph consists of the recession curve.

A typical simple discharge hydrograph is shown in Fig. l.

The Recession Curve 

The recession portion of the ephemeral stream hydrograph,

which is referred to in this study as the recession curve, has two

properties of interest. First, by definition of the ephemeral stream,

flood flow ceases after some period of time causing the curve to be

of finite length. The second property of the curve concerns its shape.

To describe ephemeral recession curve shape, comparison is made

to an exponential decay reference shape. Exponential decay shape is

observed for that portion of the recession curve on perennial streams

called the tail or base flow recession. It is also characteristic of

decay of discharge from the "linear reservoir," a device used by
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Fig. 1. Hydrograph at Flume 2, Walnut Gulch Watershed,
2 September 1974
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hydrologic systems analysts to approximate watershed response to

rainfall and to route floods through channels.

Ephemeral stream recession curves decay at a rate that is

faster than exponential. This is inferred both from the rate of

change of slope of the discharge-time graph and from the fact that

flow in the stream ceases after some finite time. Decay that is

faster than exponential can be expressed as the condition

dt
	 ns	 Q, s > 1	 (1)

where Q is discharge, t is time, and s is an exponent.

The statement that decay is faster than exponential must be

qualified by noting that most recession curve data on which the state-

ment is based describe only the early portion of the recession curve.

Data for the later portions of the recession curve are often missing

as discussed above.

Faster than exponential decay can be shown by plotting a

recession curve on a semi-log graph. The plot does not follow a

straight line, instead it is concave downward which indicates decay

rate is faster than exponential for the discharge-time plot. This is

shown in Fig. 1.

Both properties discussed above apply to the recession curve

observed at a fixed point on the stream. One other property of inter-

est concerns the change in recession curve shape from point to point

on the stream. As the flood wave moves downstream, the recession curve

becomes less steep. This is related to the same two mechanisms which
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cause the wave front to steepen. That is, infiltration loss is

highest at the wave front and the peak moves downstream faster than

the tail of the flood wave.

In summary, the ephemeral flood wave recession has three prop-

erties: (1) the recession curve goes to zero flow after some finite

time, (2) decay rate of discharge is faster than exponential, and

(3) the recession curve becomes less steep as the flood wave moves

downstream. The first two properties, if the stream is viewed as a

system, suggest that the system response to input, at least for decay,

is not linear.



CHAPTER 3

A "LEAKY" RESERVOIR RECESSION MODEL

A very simplified picture of recession of flow in the ephemeral

stream is given by the description that follows. At some fixed

reference point on the stream, just subsequent to peak discharge,

some upstream portion of the channel or channel network contains the

flood. Flood water leaves this portion of channel either (1) by

"draining" past the reference point or (2) by moving into the permeable

streambed.

It is this description that forms the basis for the recession

curve model: a single discharging leaky reservoir that represents 
the

flood volume in the channel upstream of the point of reference at 
the

time of peak discharge.

A mass balance and a reservoir storage-reservoir discharge

relation together provide a simple ordinary differential equation that

describes reservoir recession. The initial condition 
needed to define

a model recession curve is provided by specifying 
initial storage in

the reservoir, which corresponds roughly to conceptual 
volume of flood

water in the channel at time of peak discharge.

This model has appeal because (1) it is quite 
simple and (2) it

may be made to conform to physical properties 
of the ephemeral channel.

In particular, reservoir loss rate 
is roughly equivalent to streambed

infiltration rate and reservoir configuration and 
outflow rate can be

8
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designed to crudely reflect alluvial topography and physical mechanisms

operating during recession.

Previous Work 

The recession portion of the flood hydrograph has been exten-

sively studied for flow in perennial streams. In particular the later

portion of the recession curve, referred to as base flow recession, has

been described by functions of the exponential decay type (recessions

plot as straight lines on semi-log paper). The underlying model

giving this kind of decay is a draining ground water reservoir in which

discharge is described by a parabolic differential equation (the dif-

fusion equation) whose solutions contain an exponential decay term.

In the ephemeral channel recession is not prolonged by subsurface

discharge to the stream; rather, it is truncated by losses to the 
per-

meable stream channel.

The use of the reservoir as a streamf low source model is an

established practice in hydrology; it has been used to model 
the

rainfall-runoff relation (instantaneous unit hydrograph, Nash 1958)

and in flood routing (Muskingum flood routing method, McCarthy 1939).

Nash represents the watershed by a number of 
linear reservoirs

in series which serve to attenuate rainfall input. The 
instantaneous

unit hydrograph that is output has two shape parameters, 
the number

of reservoirs, n, and the reservoir time constant, K, 
which is the

same for all reservoirs. There exists no physical correspondence

between the reservoir and the watershed and reservoir parameters
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have no physical meaning; parameter values are selected by curve

fitting to observed data.

In the Muskingum method the physical correspondence between

river reach and reservoir is direct and the reservoir, like the river,

attenuates input by changing storage. The physical meaning of the

two reservoir parameters, a time constant and a parameter weighting

the effect of input relative to output on storage in the reservoir, is

vague. The time constant parameter depends on the velocity of the

flood wave in the channel which is a function of a number of factors

such as channel slope and configuration. It is not clear that the

weighting parameter has any physical meaning.

The reservoir proposed here differs from these applications of

the reservoir concept in that there is a direct physical correspondence

between the reservoir properties (for example, dimensions and loss

rate) and the conceptual ephemeral channel.

The ephemeral flow recession curve has not been modeled explic-

itly. Flood routing schemes for the ephemeral channel have been

proposed that describe the flood hydrograph including the recession

curve. These routing procedures include the kinematic wave approxi-

mation (Smith 1972) and a storage routing model (Lane 1972).

Smith (1972) demonstrates good agreement between simulated

and observed flows using the kinematic wave routing scheme. In

particular, he points out that as the flood wave progresses downstream,

shock height grows (provided the peak lags the shock front) and the

peak decreases in a downstream direction due to infiltration. The
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recession portion of his model hydrographs become less steep as the

flood wave moves downstream, partly, he states, because loss rates to

the streambed decrease in the upstream direction.

Most closely related to this study is the use of the leaky

reservoir concept by Lane (1972) and Wu (1972). Wu models flow reces-

sion in the surface irrigation context. Although he derives an

equation describing discharge from a leaky reservoir, he does not use

it to model recession but assumes that the equation describing dis-

charge from a non-leaky reservoir is adequate.

Lane was concerned with routing ephemeral streamf low through a

leaky reservoir which represents a reach of ephemeral stream channel.

Storage in the reach is described by the continuity equation

P - c - Q--= dS/dt whereP is inflow, c is infiltration loss, Q is

outflow and S is storage in the reach. A specific case is examined

where loss rate is assumed to be described by c --= ci S ; that is, loss

rate is linearly related to storage. The coefficient cl is evaluated

for a sequence of known inputs, P	 P(t), and outputs, Q Q(t), from

a reach of channel. Peak inflow rates are compared to the values of

c
1 
with the result that there is little relation between them. Lane

concludes that the linear relation between loss rate and storage is

probably not correct for the ephemeral channel.

It was suggested by Lane that a general solution to the leaky

reservoir might be obtained and streamflow could be routed through a

cascade of leaky reservoirs as was done by Nash for a series of linear,

non-leaky reservoirs.



12

Here concern is not with routing an input, P, through a reach

of ephemeral channel. Rather, this study is concerned only with

simulating the ephemeral flood at a point by analogy to the output,

Q, from a leaky reservoir that initially has water in storage.



CHAPTER 4

THE GENERAL LEAKY RESERVOIR DIFFERENTIAL EQUATION

Unsteady open channel flow in a channel where infiltration loss

takes place is described (for example, see Henderson 1966) by a

continuity equation,

Vi+	 — -1(x,t)
ax	 at

and a dynamic equation,

3y v Dv 1 2y	 v2
S,= S -
I	 c 3x g ax g at T2iTh

where Q is discharge, A is cross sectional area of flow, i is local

outflow due to infiltration, y is depth of flow, Sf is friction slope,

S
c 

is channel slope, v is local flow velocity, g is the acceleration

of gravity, C is the Chezy resistance coefficient, Rh is hydraulic

radius, x is distance along the channel and t is time.

To obtain a continuity equation for the leaky reservoir,

Equation 2 is integrated over a channel reach of finite length, L,

(t! + 11]dx = - fi(x,t)dx

which gives

Q. - Q	 + L—
dA
dt

= - fi(x,t)dx
in	 out 

(2)

(3)

(4)

(5)

13
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where Q
in is inflow to the reach, Qout is outflow from the reach and

LdA/dt is change in storage, S, in the reach. Loss from the reservoir

by infiltration, fi(x,t)dx, is assumed to be a function of discharge

and time and will be denoted by c(Q,t). There is no inflow to the

leaky reservoir, Q
in 

= 0, and Q
out is denoted by Q. The resulting

general leaky reservoir continuity equation is

-c(Q,t) - Q(t)
d 

S(t).dt

The dynamic equation is simplified considerably by assuming

that flow in the reach of stream represented by the reservoir is steady

and uniform during recession. The assumption of steady flow means the

acceleration slope term is zero, Dy/gDt ----- O. The uniform flow assump-

tion means the energy slope term is zero, (9y/Dx + vv/Ox)	 O.

This leaves a dynamic equation of the form

v = ciTiT
c (7)

This form of the dynamic equation will be used later to obtain a

discharge-stage relation for the ephemeral stream.

To describe discharge from the leaky reservoir, a differential

equation in Q is derived from the reservoir continuity equation and a

storage-discharge relation, S f(Q). Storage-discharge is obtained

from two equations: one that gives storage as a function of stage, h,

(6)

S	 r(h),	 (8)
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and the other that gives discharge as a function of stage,

Q	 g(h).	 (9)

Storage is then related to discharge through their dependence on stage .

Combining Equations 8 and 9 gives

S	 f(Q)	 r[g-1 (0],	 (10)

where it is assumed that g
-1

(Q) exists and g
-1

(Q)	 h.

It is assumed at this point that the functional relationships

between discharge and storage and stage are of the form

Q = g(h) ahm 	(11)

and

S	 r (h)	 (12)

These functions and the continuity equation provide the general

form of the equation for leaky reservoir discharge that will be used

in this study:

-c(Q,t) - Q(t)
(3	 d

ap /m 	[Q()1131m.dt
(13)

To obtain particular solutions to this equation for discharge

(reservoir recession), it is necessary to (1) propose model reservoirs

whose physical characteristics are believed to best represent the

draining leaky stream channel or channel network and (2) estimate the

stored volume of water in the channel at peak discharge. The second
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requirement is merely the specification of the initial condition for

a unique solution to the differential equation.

The choice of a model reservoir shape is discussed next; selec-

tion of the initial condition is discussed later as a parameter

estimation problem.



CHAPTER 5

MODELS OF THE DRAINING EPHEMERAL STREAM

Two basic reservoir configurations are proposed to represent

the draining ephemeral channel. In one, total reservoir loss rate is

constant (c(Q,t)	 c = constant); in the other, loss rate depends on

discharge and may depend on time. The two models are referred to sub-

sequently as the constant loss rate (CLR) and variable loss rate (VLR)

models.

In addition to determining the functional relationship for

loss rate, the choice of a reservoir configuration determines the

values of f3 and p in the storage-stage relation (Equation 12), The

remaining coefficients in the general equation for discharge, a and

m, are determined by the discharge-stage relation (Equation 11)

adopted for the reservoir.

The CLR model is proposed because it is the simplest leaky

reservoir model. The VLR model is more complex but it is believed to

better represent the physical processes in the stream,

Constant Loss Rate Model 

The reservoir configuration used for the CLR model is shown

in Fig. 2. Loss rate, c(Q,t), is given by

c= c' wLo
	 (14)

17
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VARIABLE LOSS RATE (VLR)

18

Fig. 2. Conceptual Models of the Leaky Reservoir
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where c is loss rate per unit area, which is constant, w is reservoir

width and L
0 is reservoir length. Storage is given by

S	 IshP 	wL
o
h,

where p = 1. Combined with the discharge-stage relation, Q =-- ahm ,

the equation for discharge from the CLR model is

1wL0	 Er -1 dQ
-c-wL0 - Q =	 dtma

Variable Loss Rate Model 

The reservoir configuration used for the VLR model is also

shown in Fig. 2. Here, total loss rate is a function of discharge (or

stage, h), for as the reservoir drains, reservoir length, L, decreases.

It is assumed that in the ephemeral stream, because h<<L, the wetted

length of stream bottom is equal to L. By using a relation between

stage and wetted length of reservoir,

L = ah,	 (17)

it is possible to write total loss rate as

c = c'wah.	 (18)

Storage is given by

S	 f31-113 = wLh/2 =-- wah 2 /2	 (19)

where p = 2. By combining this equation with the discharge-stage

relation Q ah
m 

and by substituting g
-1 (Q) for h in the total loss

(15)

(16)



rate equation, it is possible to write the governing differential

equation for the VLR model:

n) /m
_c... wa	_ —  wa 	2/m-1 aqct ) 	ma2/m Q	 dt

To compare the two models it is assumed that the same values of

a and m (same rating curves) apply to both models. Equations 16 and

20 may be rewritten
1

	1, 1 N	 H , 1,

	

, a 0_-TrO	 ma -mc a Q	 (1---1-11-j+1 _ sig
wL Q	 — dt0

and

2

	

1, 1,	 Tn-	 , 1 ,
=	Ta- (1----)	 ma	 2 0_-TrO-mc'a Q m - —wa dt

These equations can be rewritten in a simpler form as

l+r dQ

	

-AQr - BcQ	 (CLR model)

and

l+r

-AQ 2 - BvQl+r = dQdt (VLR model)

whereA= mc'an/2 , BC= a
n/nwL and B = 2a

n
/wan and r= 1 -n=--

0	 v

1 - p/m. Note that from Equation 15, p = 1 for the CLR model and from

Equation 19, p =-- 2 for the VLR model.

Solutions of Model Equations 

Reservoir discharge (streamflow recession) is obtained by

solving the appropriate differential equation for Q. Under certain

20

(20)

(21)

(22)

(23)

(24)
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conditions, solutions may be obtained analytically. When analytic

solutions do not exist, the equations can be solved numerically.

Before an attempt is made to obtain analytic solutions to the model

differential equations, some general remarks can be made on the behav-

ior of solutions with changing reservoir loss rate and storage.

Both the CLR and VLR models have reservoir loss rate per unit

area, c - , in the coefficient of the first term and reservoir width w

and length Lo (a Lo/ho) in the coefficient of the second term on the

left hand side of Equations 23 and 24. The effect of change in loss

rate is to change the value of the coefficient A without affecting

the value of the coefficients Bc or Bv Likewise, width or length

changes only influence the value of the coefficients Bc or Bv. As

storage depends on width and length of the reservoir, an increase in

storage causes the decay rate of discharge (dQ/dt) to decrease. As

loss rate increases, the discharge decay rate increases.

In the ephemeral channel, change in storage for a given stream

stage is brought about by changing either length of flowing channel,

L0' or width of flowing channel, w, 
or both. Increased stream storage

increases duration of the recession. Similarly, as channel infiltra-

tion rates increase for a fixed length of flowing channel, duration of

the recession decreases.

In order to attempt analytic solution of the model equations

it is first necessary to specify some value, or range of values, for

the exponent r appearing in Equations 23 and 24. This exponent is

related to the exponent m in the discharge-stage relation as r 1- p/m.

Discharge-stage measurements indicate that m for the ephemeral streams
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of interest in this study ranges from about 2 to 3. Yevdjevich (1959)

states that the range of m for free surface outflow is 1.5 to 4.0 and

usually 1.5 to 3.0. Based on this information, analytical solutions

for m= 2 and m = 3 are sought.

These solutions are of interest because they will provide some

indication of the type or class of curves that the reservoir models

generate. This allows an initial qualitative comparison between model

curves and observed recession curves which can indicate whether one

model is better than the other.

Analytic Solutions of the CLR Model 

Yevdjevich (1959) has given an exhaustive discussion of the

conditions under which analytic solutions to the storage differential

equation, Equation 23, exist and has provided these solutions for a

number of values of the exponent r (or m in the discharge-stage

relation) and functions c	 c'wLo. For example, in the range of in

between 1 and 3 (r = 0 to r = 2/3), for c(t) = c = constant, analytic

solutions exist for m = 1, 4/3, 3/2, 2 and 3. Some solutions also

exist for a loss rate that depends on time, c c(t). For functions

and c 
s-kt

of the type co-kt , co t-s , coe-kt 0
t e	analytic solutions

exist for m = 1, where c0
 is the initial input (or loss) at t= 0,

k is a constant and s is an integer. Finally for c(t)	 c0 e
-kt 

an

analytic solution exists for m = 2. The solutions examined here are

at in 1, 2 and 3 and c(t) = c = constant.

The solution at m= 1 is derived because it shows the behavior

of discharge from a leaky "linear reservoir." At m= 1 and r = 0,



Equation 23 becomes

-A -BQ=---
dt

whose solution is, for Q =-- Q0 at t --= 0

= ( A 4. n t A
B
c 

"`Oj
e-Bc
 B

c

For m = 2 (r 1/2) Equation 20 becomes

	1 	 3

- Bc0
2
= 

(A_
dt

1—
By letting u == Q2 and with the initial condition Q = Q0 '

A
Q	 Q0Bc _

A	

1///ABctan2 farctan
°

Before proceeding to the solution for m =3, this solution is

graphed for it has properties that are shown later to be desirable for

modeling recession. In Fig. 3 two graphs are presented; one of the

tangent squared, the other of Equation 28. Equation 28 represents a

portion of the generalized tangent squared graph extending from a

value of the dependent variable that is fixed by the initial condition

(Q
0
 or peak discharge) to where the tangent squared reaches zero.

For m = 3 (r = 2/3), Equation 23 is written

2	 5

-AC; - Bc9
_ ag

dt
1

Substituting u = Q
3 

gives an analytic solution (see Table 1). Q

cannot be obtained explicitly. The solution is the sum of a logarith-

mic and arctangent term.

23

(25)

(26)

(27)

(28)

(29)
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Table 1. Analytic Solutions to the CLR and VLR Models

Solution

CLR Model

m -= 1 *
1t K

I 
- Tc- log x

X =-- Q 

1 [110 ,[  (k+x)2 
 • +	 arctant = K

I	 3Bc 2	 (k2-kX-i-X2)
1	 1

X = 0- k (A/BC )-3-

m 3

VLR Model

m=2*

1t K	 log(A+Bx)
I 2Bv 1

X =

m --= 5/ 2

5  [1log [k2-kx+x 2)t =-- K -	 +	 arctan(2x
3Bvk 2	 (k+x)2

1	 1
X = Q5 k = (A/Bv)Y

m 3*

1 
t=K -	 --arctank•f7713)

I 3vABv	A
1

X

KI = constant of integration

*For these cases Q may be obtained explicitly.
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It can be seen in Table 1 that solutions for m = 2 and m= 3

both contain an arctangent term in which Q appears raised to the l/m

(m= 2,3) power. For m = 2 an explicit solution for Q is possible

(Equation 28) and reservoir discharge follows a decay curve described

by the tangent raised to the m = 2 power.

Analytic Solutions of the VLR Model 

The solutions to the storage equation given by Yevdjevich do

not apply to the VLR model because loss rate is a function of storage.

This is not immediately clear but can be shown by the following

reasoning.

(r+1)/2Equation 24 with the substitution Q	 = q gives

-2r 
2 l+r dq

-A - B
v
q 

r+1	 dt (30)

For solutions to the storage differential equation to apply, the right

hand side (R.H.S.) of Equation 30 must represent change in storage,

dS/dt for the VLR model. Storage is given by S= wah2 /2 or

SA
2/m

.

Thus change in storage is

2
as 	dQ
dt	 dt ,

(31)

(32)

or letting r = 1-2/m,

dS -r dQ
dt	 dt

(33)



Substituting Q (r+1)/2 = q gives

1-3r 
dS r+1 sta--ma
dt	 dt

which differs from the R.H.S. of Equation 30 in the exponent of q.

Thus Equation 24 is not the storage differential equation on which

Yevdjevich's results are based. However, the equation for the VLR

model can be integrated to give analytic solutions for the values of

r shown before to be of interest.

For m = 2, r = 0 the equation to be solved is

1
dQ- Q2 - ByQ = a- .

1—
By substituting u = Q2 , this equation can be written

du
-A - Bu = 2V 	dt

which is a linear equation in u whose solution is (for the initial

condition Q = Q0 at t = 0);

-BtI A2,2 	2A f7-	 n ] e-Byt {2A2 4. 2
B I '<(:)	 Bv2	 By	 ]c 2	

4_ A2
0 . (37)=

Bv

For in = 3, r	 1/3, Equation 24 becomes:

2	 4
34g

-AQ3 - BvQ =dt

By making the substitution u = Q
1/3 , discharge is given by

3

Q = ( A	 r
-,;--	 tan

3 tarctan	 - 3/KE; tl .	 (39)
Dv
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(34)

(35)

(36)

(38)
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Numerical Solutions 

Numerical methods allow Equations 23 and 24 to be solved for

a wide range of conditions where analytic solutions do not exist. They

may be solved for any value of the exponent r. Also, loss rate per

unit area of reservoir bottom, c', and reservoir width, w, may be made

to depend on time; c 	 c(t) and discharge, w=--- w(Q).

These cases are of interest because loss rate probably

decreases with time and reservoir width, if assumed to correspond

roughly to width of flowing stream, also decreases as stream stage

decreases.

Comparison of the Analytic CLR and VLR Model Solutions 

The behavior of solutions to the CLR and VLR models is examined

first at the initial condition Q = Q0 for some m in the discharge-

stage relation. The first terms on the L.H.S. of Equations 23 and 24

are equal. The second terms on the L.H.S. can be shown to be equal

at Q ---= Q0. The second term can be written for Equation 23 as

	1 	 1

	

BcQ0
2-1/m mall1Q0 2/nwL0Q0m 	(40)

and for Equation 24 as

1
BvQ02(	

2	 2

(-20 nwa 	°1-1d = mam- 2/	 0Q

1

The substitution of Lo/ho for a and ho for (a	 i/Q0) n the previous

equation gives the desired result

(41)
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Thus for any m, both the CLR and VLR models have the same decay rate

at the initial condition. This result makes sense from a physical stand-

point for at t =-- 0 discharge from both reservoirs should be the same;

that is, a function only of h
(/' 

the initial stage and the stage-

discharge relation, which for both models is the same.

Recall that for the CLR model a choice of m = 1 gives a linear

differential equation whose solution is the sum of an exponential decay

term and a constant. Choosing m = 2 and m = 3 gave solutions with an

arctangent term containing Q raised to the l/m (m = 2,3) power. For

the VLR model, at m = 2, a linear equation was obtained whose solution

is the sum of two exponential decay terms and a constant and at m= 3

Q appears in the arctangent term raised to the 1/3 power.

There appears to be a similarity between solutions to the two

models. That is for the CLR at m = 1 and the VLR at m = 2 a linear

equation holds with exponential solutions containing decay and con-

stant terms. Also for the CLR at m = 3 and the VLR at m = 3 the

solutions contain an arctangent term with Q raised to the 1/3 power,
1

However, for the CLR at m = 2 whose solution is in terms of Q2,

there is no analogous solution to the VLR. A solution to the VLR

for m = 5/2 (midway between m = 2 and m = 3) has Q raised to the

1/5 power. See Table 1 for a comparison of the solutions.

29
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Qualitative Comparison of Analytic Solutions 
to Observed Recession 

Although the solutions eventually used to reproduce observed

recession must be obtained numerically (analytic solutions do not

exist for cases of interest), the properties of analytic solutions

are compared with observed curves to give a rough indication of which

model may better approximate observed recession.

Two important properties of observed curves are (1) a fast,

relatively straight decay from peak stage followed by a curved portion

of the decay curve which will be called here the tail recession and

(2) the fact that discharge eventually ceases, Occasionally, the

portion of the recession curve just subsequent to peak flow may be

concave downward. An example of this kind of recession curve is

shown in Fig. 1.

It was stated earlier that discharge during recession is ob-

served to decay at a rate that is faster than exponential. The

exponential model used for this comparison is of the form

t
= Q0

e—/K

which is the solution to

(.12
—KQ = dt

for Q = Qo at t = O. Equation 43 described discharge from a linear

reservoir with no leakage. That is, a reservoir described by the

continuity equation

(43)

(44)



(1 _ dS
dt

and a linear storage-discharge relation
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(45)

(46)

The discharge function described by Equation 43 decays exponentially

from Q0 at t	 0 and is asymptotic to Q= O.

The CLR reservoir model with a linear storage-discharge

relation (m = 1) also has a discharge solution that is described by

an exponential function, Equation 26. This "exponential" decay differs

from that described by Equation 43 in that the function describing

discharge decays from Q0 past Q = 0 to negative values of Q and is

asymptotic to Q = -A/B c .

In the sense that decay goes to zero in finite time, the CLR

model with m = 1 decays faster than exponentially. In fact all the

discharge models based on the leaky reservoir have the property that

decay reaches zero in finite time, which is a property of observed

recession, that is, flow ceases in the ephemeral stream after a

relatively short time.

The CLR model with m = 1 (linear reservoir) can be made to

show a straight decay from the peak if the term A/B c in Equation 26

is large enough. That is, if the value of negative discharge, to

which the solution is asymptotic, is large.

Compared to the linear reservoir, the CLR model with m = 2

gives a solution (tangent squared law) that reaches but does not go

below zero discharge (see Fig. 3), The solution for time greater
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than the time zero discharge is reached becomes again positive. This

portion of the solution is of no interest.

This solution shows a straight decay followed by a small tail

recession. Decay rate is faster than exponential in the sense both

that the solution reaches zero in finite time and that the solution

decays more rapidly at the early straight portion of the recession

curve than the leaky linear reservoir CLR model (m= 1).

Of the two models just discussed (CLR, m = 1 and CLR, m= 2)

the best for fitting observed recession curves appears to be the CLR

model with m = 2 which can simultaneously satisfy both (1) a straight

decay just after the peak and (2) a tail recession. The CLR with

m I either has a straight decay with no tail (high A/Bc) or "expo-

nential decay" (A/Bc close to Q= 0), neither of which appear to be

as suitable for reproducing observed recession curves.

The VLR model with in = 2 has a decay law described by a sum

of exponential terms. Assuming that c 	 0 or A= 0 gives a solution

similar to the solution to the linear reservoir with no leakage

Qoe"'BVt
	

(47)

For A > 0 (c > 0) the explicit solution for Q is a sum of two expo-

nential terms and a constant (Equation 37). As noted earlier, this

solution is analogous to the solution to the CLR model with m= 1.

Solutions to the VLR model with in 5/2 and 3 can be obtained

analytically but only the solution at in = 3 allows Q to be expressed

explicitly. It follows a tangent cubed decay law which again is
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analogous to the CLR with m -----. 2 which follows a tangent squared

decay law.

Decay rates for the VLR at m =--- 2, 5/2 and 3 are faster than

exponential in that they go to zero in finite time . The solution for

m----- 3, following a tangent cubed decay, exhibits faster than exponen-

tial (straight decay) at high values of Q and a tail before Q---- -- 0 is

reached. For the same reasons that the solution for the CLR at

m --=-- 2 was a good solution, the solution for the VLR at m =--- 3 is also

good. The properties of the solution for the VLR at m --- 5/2 are not

easily determined for Q cannot be expressed explicitly.



CHAPTER 6

ESTIMATION OF MODEL COEFFICIENTS

To apply the models to a specific ephemeral channel, the

quantities r, a, c and the initial storage, S o , must be estimated.

Recall that initial storage is required to fix the initial condition

for a unique solution to the differential equation.

Estimation of r and a 

The exponent r is related to the exponents p and M of the

general leaky reservoir differential equation (Equation 13) as

r	 1 -p/m	 (48)

The reservoir storage-stage relation determines the value of the

exponent p. In general, this value depends on water levels in and

the geometry of that portion of ephemeral net that flows during

recession from peak discharge. Several different relations between

stage and storage might be formulated by assuming that, as stage

recedes, the decrease in the portion of the ephemeral drainage net,-

work that contains flow is not in direct proportion to the decrease

in stage. The CLR and VLR models are examples of cases where storage

varies, respectively, directly with stage (S h) and as the square

of stage (S	 h2 ).

34
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The discharge-stage relation chosen for the reservoir model

determines the value of the exponent m and the coefficient a . The

reservoir may be pictured as discharging through a section whose

configuration determines a discharge-stage relation for the reservoir.

Likewise, the draining portion of stream may be pictured as discharging

through a section of stream channel at the point where recession is

to be simulated. To maintain a physical likeness between reservoir

and stream, the rating curve at the stream section is used to describe

the reservoir discharge-stage relation. The stream rating is chosen

for a "characteristic" stream section; that is, it is an "average"

rating curve for the stream channel at the section through which the

stream discharges. The average rating may be measured or calculated

using a Manning or Chezy equation and an assumed stream cross section

shape. In either case, a and m are assumed to be known; they are not

obtained by calibration. Their estimation is discussed further in a

later section on model evaluation,

Estimation of Total Reservoir Loss Rate, c(Q,t) 

Total reservoir loss rate is equivalent to abstraction 
from

flow in the ephemeral channel by infiltration of water into 
the bed

and sides of the channel,

In the ephemeral stream,infiltration is usually described at

a point by a function that depends on time, Point infiltration rate

and its behavior in time are poorly understood. It has been argued

both that initial infiltration rates are high 
(Matlock 1965), as

water is free to move into a dry streambed and 
that they are low,
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because receding water from the previous flood has sealed the streambed

with fine material (Burkham 1970). The behavior of infiltration as a

function of time may be in the form of a decay from high rates to some

limiting value determined by the saturated hydraulic conductivity at

some depth below the streambed. On the other hand, Burkham suggests

the infiltration curve may follow hydrograph shape. Initial low rates

occur because the stream is sealed; high rates occur as flow begins

to move material in the streambed and low rates occur as the streambed

becomes sealed again as receding flows drop fine material. Smith (1972)

in routing ephemeral flood flows uses a function that has high initial

rates decreasing to a constant value,

In the model reservoir, infiltration is described by total

reservoir loss rate, c(Q,t). This function has been assumed to be 
of

the form (see Equations 14 and 18)

c(Q,t)	 c(t)Ac(Q)	 (49)

where c(t) is unit area loss rate (or infiltration 
velocity), which

may depend on time, and Ac (Q) is area through which 
infiltration takes

place, which may depend on discharge,

In both the CLR and VLR models loss is assumed to take 
place

through the reservoir bottom, In the CLR model, 
reservoir bottom area

is constant

Ac wL0
	 (50)
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where w is reservoir width and L
0
 is reservoir length. In the VLR

model, bottom area changes directly with stage (depth) as

Ac Ac (h) = wah	 (51)

where reservoir length is equal to a shape factor, a, multiplied by

stage, h.

It is now assumed that reservoir loss rate, c'(t), does not

depend on time but is constant

c(t) = c' = constant,	 (52)

This assumption is made because it greatly simplifies the model. It

also can be shown that the assumption does not cause great error.

This is done by obtaining the function c^(t) from a point infiltration

function for the channel and showing that it does not 
change greatly

with time.

The point infiltration function chosen is that used by Smith

(1972)

11(T) -=
b + uo 	(53)

where u is point infiltration velocity, T 
is time since first wetting

of the point on the stream (called opportunity time by 
Smith) K and

b are parameters and uo is long time saturated infiltration 
rate,

It is convenient for the analysis to consider 
c'(t), unit area

reservoir loss rate, to be the "average" point infiltration 
velocity

(L/T) at time t for the channel reach represented by 
the reservoir.
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Average velocity, c', is obtained by (1) integrating point velocity,

u, over opportunity time, T, in the reach of channel (which gives a

result with the unit of distance, L) and (2) dividing the result by

the time interval over which the integration is performed.

It is assumed that opportunity time changes only along the

length of channel reach and average point rate along the length of

channel is given by

T==td

c(t) =	 u(T)dT/(td-t)	 (54)

T=t

where t is opportunity time at the reach outlet and t d is opportunity

time at the tail end of the flood wave. Integration of this equation

using the point infiltration function in Equation 53 gives

' 1-b
K [td 1-13 - t i-11

c(t) td-t	
+ uo

for b	 1, which covers almost all cases of interest.

Equation 55 can be applied to the CLR and VLR reservoir models

to obtain c'. Here, only the VLR model is considered as it is the

most realistic from a physical standpoint.

The longitudinal cross section of the VLR model shown in Fig. 4

is assumed to represent a triangular flood wave moving downstream at

a constant velocity, v. At time t	 0, length of the flood wave is

Lo and opportunity time at the flood tail is td Lo/v.

Reservoir infiltration velocity at t = 0, c (0), is given by

integrating point rate, u(T), over the interval 0 < T	 t d , At a

later time t, the flood wave has moved downstream so that the 
wave

(55)
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Fig. 4. Point Infiltration Rate, u, and Point Rate Averaged

Over Channel Reach
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front is beyond the reservoir outlet, To obtain c'(t), point rate is

integrated over the interval from the outlet to the flood wave tail,

t < T < td.

Fig. 4 shows a graph of point and average reach (or reservoir)

infiltration for a point rate believed to approximate real conditions

in the

hour. A flood wave of length equal to two hours (td ----- 2 hours) is

chosen as typical of observed floods. It can be seen that reach infil-

tration is more nearly constant over time than point rate. For the

example given, rates in inches per hour after twelve minutes and one

hour are 15 and 11 for the reach compared to 30 and 14 for point rate.

As several minutes elapse in the stream before the peak is reached,

the assumption of constant unit area loss rate, c', is believed to be

good. The assumption improves where point infiltration decay 
rates

and modeled recession durations (t d ) increase.

In the preceding analysis, an assumption was made that oppor-

tunity time changes only along the length of channel. It also 
changes

across the width of channel as the width of flow changes 
during the

flood, Another assumption used in describing 
infiltration for the

VLR model was that the flood wave front moves downstream at 
a constant

velocity and that the wave cross section does not 
change shape or

size. In reality, the peak subsides and velocity 
slows as the wave

front moves downstream, The shape of the wave tends 
to elongate and,

because of channel losses, the wave becomes smaller,

-.
stream channel: u(T)	 10T

6 + 4, where u has units of inches/
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Estimation of Initial Storage, So 

An estimate of the initial storage in the leaky reservoir is

required to give a unique solution for reservoir discharge. Initial

storage in the CLR model is given by So = howLo. Its value is

determined by choosing w to correspond roughly to width of flow in

the channel at peak stage, ho. Reservoir length, Lo , corresponds

roughly to length of flowing channel at time of peak discharge. When

matching model recession to data, ho is the peak stage observed in

the channel. In terms of Equation 23, which described CLR model

discharge, selection of a value of So gives (1) the value of the

product wL0 in the coefficient Bc and (2) the initial condition

Q= Qo at t = 0, where Q0 = ahom .

The same holds true for the VLR model except that the product

wa occurs in the coefficient By in Equation 23 where a is the VLR

model shape factor. For simulation, a reservoir shape, a, is chosen

which can be considered model reservoir length, Lo , at unit peak

stage. That is, substitution of ho= 1 into Equation 17 
gives

Lo = a. The choice of a different value of a results 
in a change in

the shape of the VLR reservoir. Initial storage in the 
VLR reservoir

is given by S o = wah0 2 /2.

To summarize, initial storage which is storage at peak dis-

charge, So , is estimated by (1) choosing a peak stage ho which gives

Qo, the initial condition and (2) choosing values of 
w and Lo or a,

whose product (wL0 or wa) determines the value of the coefficient of

the second term of the 1 ft hand side of Equations 23 and 24.
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It is possible to estimate a value of peak stage by either

(1) using a peak stage value from an observed recession curve or

(2) by choosing peak stage values from a probability distribution

function of peak stage or discharge. The first method is used later

in evaluating the fit of model solutions to observed recession curves.

Estimation of w and L
0
 or a can be accomplished by either (1)

considering the products wL0 (or wa) to be a parameter whose valtie

is selected by calibration to data or (2) considering w to represent

a rough approximation to real channel width and Lo or a to represent

an approximation to length of flowing channel at peak discharge,

These approaches are described in greater detail in the chapter on

model evaluation.



CHAPTER 7

DISCUSSION OF DATA

The streamflow records used in this study are from the Walnut

Gulch Experimental Watershed maintained by the Southwest Watershed

Research Center, Agricultural Research Service, and from the Pantano

Wash near Vail, Arizona, where a gaging station is maintained by the

U.S. Geological Survey (see Fig. 5).

Walnut Gulch Data 

The Walnut Gulch Experimental Watershed, located in south-

eastern Arizona, represents the watersheds characteristic of the

semiarid and arid southwestern United States. Several concrete flumes

are maintained on the watershed to gage streamflow. They are mostly

of the supercritical depth type in order that high sediment loads

characteristic of ephemeral floods do not interfere with the operation

of the flume, Of interest in this study are flumes 1, 2 and 6

(designated by the Agricultural Research Service as 63,001, 63,002 and

63.006). These are chosen because together they give a picture of

the changes in flood wave shape as the flood moves downstream. Floods

pass, in order, flume 6, 2 and 1. Flume 1 is the lowermost point on

the watershed.

Each flume has two stage recorders, They differ in the size

of the intake that feeds water to the stilling well. The large

43
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intakes tend to fill quickly with sediment (slot width in the large

intake is large so that in most cases before flow ceases, the intake

is plugged). Small intakes with small slot width are designed to pass

less sediment in order that the intake does not become plugged before

flow ceases. The large intakes are designated as above, the small

intakes as 63.001.1, and similarly for flumes 2 and 6.

The best flow records are from flumes 1 and 2. Flume 6 records

suffer from the fact that flow across the flume takes place at an

angle which results in the formation of a standing wave across the

flume measuring section. Streamflow at this location was also affected

in 1974 by a borrow pit located upstream.

Of flumes 1 and 2, the best records for the period indicated

seem to be at flume 2. At flume 1 several of the flood waves that

pass flume 2 have been lost through infiltration to the streambed,

Flumes 1 and 2 have triangular sections with respective side

slopes of 1:15 and 1:10. They are, respectively, 82 and 135 feet

wide. Flume 2 has a notch at the center about 3 feet wide across

the top with side slopes of 1:5 which has been provided to measure

"base flow," Stream widths just upstream of the flumes are about 100

feet for flume 2, and 200 feet for flume 1.

During flow at flumes 1 and 2 the water depth across the flume

is relatively even and level, Small intake records follow almost

exactly large intake records which allows the rating curve for the

large intake to be used for both stage records, Large intake records

are used as the object of simulation except where the large intake
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becomes plugged and small intake records can be used, For both flumes,

recession data for stages below about .2 feet is not used. In some

cases, when field notes indicate the depth to which an intake has been

plugged, recession data below this depth is not used.

Stage records for these flumes are continuous recordings.

Discrete values of stage height are picked at five minute intervals

(one time division on the large intake records; five time divisions on

the small intake records). Recession curves have durations ranging

roughly from an hour to five hours (12 to 60 points on the recession

curve).

For purposes of simulation, recession curves are defined as

(1) decay from peak flow up to a point where stream stage does not

change or increases due to the arrival of a second peak, (2) to a

flow depth where recession is no longer followed by the water level

in the gage due to plugging of the intake with sediment of (3) to a

flow depth close to zero flow,

Example recessions for flumes 1, 2 and 6 are shown in Fig. 6,

These show the change in flood wave recession shape as the flood wave

moves downstream.

Pantano Wash Data 

Data consists of ephemeral flow recession curves from the

Pantano Wash near Vail, Arizona for the period 9 August 1959 to

23 September 1964. Sixty-five recession curves were selected for

simulation, representing almost all flow events during the period,

Records are continuous recordings; in order to compare with model
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Fig. 6. Discharge Recession Curves at Flumes 6, 2 and 1,
2 September 1974.-- Distance from 6 to 2 about three
miles; from 2 to 1, about four miles.



48

curves, discrete values of stage height were picked from the curves at

half-hour intervals (one-half of a time division on the chart record-

ings). The large majority of flows on the Pantano Wash last from one

to four hours. None among the group selected exceeded seven hours,

The total number of data points for all sixty-five recession curves is

377.

The quality of the data is not nearly as good as for the

Walnut Gulch data because there is no control on flow cross section,

Stage measurements are in error due to scour and fill of the channel

at the measuring station during flow. All recession curves lack a

record for the tail of the curve because the inlet to the stilling

well becomes plugged with sediment during recession. All stage

measurements picked from the continuous records are taken relative to

a zero chart datum, The streambed is approximately 1,5 feet above

zero chart datum (Davis 1974) and all stage values were adjusted

accordingly.

The width of the Pantano Wash at the gaging station is about

62 feet. One side is a straight vertical concrete structure; the

other side is a bedrock outcrop with a straight slope inclined at

an angle of about 30 ° from the horizontal, There is no control

across the streambed; it consists of alluvial material,

In the area of the gaging station the stream channel meanders

and stream width varies from about 50 to 150 feet, About four miles

upstream of the gage site, the channel splits into two channels of

roughly equal size (width),



CHAPTER 8

MODEL EVALUATION

A leaky reservoir model has been proposed to represent ephemeral

flow recession; two basic conceptual reservoir models have been pro-

posed and methods for their application have been outlined. The main

thrust of the remainder of this study is to model observed recession

curves in order to (1) compare in detail model solutions to observed

curves using both qualitative and quantitative criteria for goodness

of fit, (2) select a "best" conceptual model for representing ephemeral

flow recession and (3) attempt to indicate how model parameters might

be estimated where streamflow records do not exist.

The models compared are the CLR model and two variations of the

basic VLR model. The CLR model is the simplest conceptual model;

unit area loss rate, c", and reservoir length, Lo, are assumed to be

constant,

The VLR models considered are those where loss rate c is

constant and (1) width, w, is constant or (2) width depends on dis-

charge, w = w(0). These are designated in the following as VLR1 and

VLR3 models. The VLR1 model is identical to the basic VLR model

discussed earlier. The VLR3 model differs from the VLR1 model in that

the reservoir has a triangular cross section so that the width of the

water surface in the reservoir decreases in direct proportion to

decreasing stage, w w(h) = bh, The effect of the triangular cross

49
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section is to change the value of the exponent p in the storage-stage

relation, S ShP , from 2 for the VLR1 to 3 for the VLR3, that is

	Scch3.	 (56)

The governing differential equation for the VLR3 model following

arguments for the VLR model, is:

n/3 2+r 
-3c'a 	aQ 3	 6n nl+r	 (57)

wan	 dt

Model Parameters 

All models used to simulate recession curves are parameterized

on (1) reservoir loss rate, c', and (2) reservoir area wLo. The value

of reservoir area, multiplied by peak stage gives the initial storage,

so .

The model could also be parameterized on p, m and a which appear

with c', w and Lo in the coefficients of the model differential

equations. This is not done because it is possible to estimate m and

a (rating curve) from the properties of the stream channel and p is

determined by the conceptual model used.

In the sense that a parameter is a variable whose range of

values is searched for a best fit to data, the exponent p might be

considered a parameter in that the search for best model (CLR or one

of two variations on the VLR model) involves a search for the best of

three values of p, specifically p 1 (CLR model) and p = 2 or 3

(VLR1 and VLR3 models).
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If m and a are considered fixed, it is implied that a rating

relation exists at the stream cross section where recession curves are

to be simulated. Further, it is implied that this relation is time

invariant (i.e., does not change from flow to flow) and that a and m

do not depend on stage or discharge. These assumptions are question-

able for uncontrolled, natural stream sections.

For a section that is not controlled, the assumption of tune

invariance is only good if the morphology of the stream cross section

does not change too drastically from flow to flow. The assumption

that a and m do not change with stage is only good when cross sectional

geometry does not change during a flow event,

For purposes of this study, the assumption of a unique, time-

invariant discharge-stage relation is equivalent to stating that errors

introduced by the assumption are not so great as to invalidate the

use of the leaky reservoir model,

Parameter Optimization Procedures 

Comparison of model and observed curves is carried out by

defining a quantitative measure of goodness of fit and searching for

optimum parameter values,

The two purposes served by this comparison are (1) to determine

if the models have discharge curves that can be adjusted to obtain a

good fit to observed curves by changing the loss rate and area para-

meters and (2) to select a "best" conceptual model,
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The measure of goodness of fit adopted here is described next.

Each observed recession curve can be represented as a sequence of

discharges,

	• 	 Ix.	 .

	

Xi	
1,1' x 1,2,""xi (58)

where Xi is the ith recession curve and j is the number of points

picked off the continuous record , xi,1 is the peak discharge value

for the ith recession curve; subsequent points were picked at 5

minute intervals for the Walnut Gulch data and at half—hour intervals

for the Pantano Wash data,

Simulated recession curves can likewise be represented by a

sequence of discharges,

Yi	 fYi,l , Yi,2 , °'" Yi,j1

Note that simulated peak discharge is set equal to observed peak

discharge to obtain the initial condition for a model solution

(solution to the differential equation):

y• • = X4 • o
1 ,3	 •LPJ

The fit between observed and simulated curves will be measured

using a least squares criterion, An objective function I is defined

as depending on c and wL0 ,

(59)

(60)

I =--- I(c',L0). 	 (61)
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Optimum, or best fit, parameter values are determined by minimizing

I where, for the ith recession curve, the objective function is

defined as

1 mI =	 E (xi,i _ yi,j )2
j=2

(62)

The sum begins with j = 2 because, by definition, at j	 1 there is no

error (see Equation 60), The value obtained for the objective function

is the standard error of estimate (root mean square of the difference

between observed and simulated points on the recession curves) in

units of discharge, which here are ft 3 /sec,

The fact that only two parameters are searched allows a two-

dimensional map of the objective function to be constructed (see Fig. 7).

This map provides a simple picture of the behavior of the objective

function, and, as shown later, it provides a simple and direct means

of determining the sensitivity of the model to parameter changes,

At first, a random search for the minimum of the objective

function was carried out over a region of the c', wL0 plane for several

observed recession curves, Pairs of parameter values were selected

randomly and the objective function was evaluated at each (c', wLo)

pair. The resulting maps indicate that, in general, the minimum

value of I lies at some point along an elongated "trough" in the

objective function surface. The search procedure was then modified

to conduct a search along a line or transect across the trough,

Rate (c') was fixed and area (wLo) was searched. Several transects

were mapped to find the minimum. This procedure was adopted because
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the value of the objective function changes very slowly along the

bottom of the trough.

Results 

The best observed recession curves for stream stage and best

rating curves to convert stage to discharge are at flumes 2 and 1 on

the Walnut Gulch Watershed; stage records and the rating on the

Pantano Wash are less accurate, Flume 2, which is upstream of flume 1,

flows more often and has a greater range of peak discharge values

for the period of time from which the data are taken. For these

reasons, model evaluation is based primarily on results from model

fits to flume 2 recession curves.

Walnut Gulch Flume 2

Observed stage records are converted to discharge at flume 2

using the relation

Q	 64h
2.74 ,	 (63)

This is obtained by choosing two measured discharge—stage pairs and

fitting the relation Q ahm. The pairs used for flume 2 are a low

stage (.38 ft, 4.5 ft 3 /sec) and a stage near the highest among the

data (2.73 ft, 1000 ft 3 /sec).

The reservoir discharge—stage relation is given by a calculated

discharge—stage relation at a natural section of channel about 400 feet

upstream of the flume, Section 2 in Fig, 8, It is assumed that dis.,

charge measured at the flume is the same as that at the stream section,



56         

0
4N      

0



57

Discharge through the section is estimated using the Manning

equation, which is a special case of Equation 7 derived earlier from

the dynamic equation for unsteady open channel flow,

1	 2
1.49 	-2- -5v —	 S Rhn	 c (64)

and a cross sectional shape that approximates the stream section.

To apply this equation, n, the friction factor and Sc , stream

slope at the section must be specified. Slope is obtained by measuring

distances between elevation contours on the stream and, at the section

above flume 2, a value of .01 is used. This is an "average" value.

Determining the value of the friction factor, n, is more

difficult. Little is known about frictional resistance in ephemeral

channels, which changes as sediment load and bed form change during

a flow event. Some flow travel time data for ephemeral channels indi-

cate that the "average" frictional resistance tends to be high. For

the section above flume 2, a friction factor value n	 ,035 is used.

To obtain discharge through section 2, the section is approxi-

mated by a trapezoid. Bottom width of the trapezoid is set approxi-

mately equal to width of flowing channel just prior to cessation of

flow. A detailed cross section of the channel would probably show

a lowermost smaller channel within the main stream channel itself

which carries the very low flows. A width of 20 feet is chosen for

this lowermost channel. This value is probably too high but if it

was smaller the channel could just as well be represented by a

triangular section. The 20 foot channel is placed roughly at the
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center of the stream, and a trapezoid with side slopes of 1:20 is

used to approximate the stream cross section shape.

A discharge equation can be written using the Manning equation

for the trapezoidal section described above

1.49 	1/2 Ac5/3Q = Acv — n Sc
p
C
2/3

where Ac is cross sectional area and Pc is wetted perimeter.

Discharge-stage is given by

1	 5	 2
1.49 	7)-

Q=	 (20h+20h2)-5/(20+40h)n	 c

where Ac = 20h + 20h2 and Pc = 20 + 40h. For the model a simpler

discharge-stage relation of the form Q ahm is needed. It is obtained

by fitting Q= ahm to two pairs of (Q,h) values obtained from

Equation 66. The derived discharge-stage relation is

Q	 136h
2.10
	(67)

using stages of .5 and 2.5 feet (Q = 33 and 960 ft 3/sec). This

relation is used in the models.

The discharge-stage relation for the stream is different than

the rating used for the flume, Q	 64h2 ' 74. The ratings differ for

the reason that they apply to different flow conditions, The use of

the Manning equation to calculate the stream rating implies uniform

flow conditions. The flume rating applies to a section where flow is

accelerating from the inlet to the outlet section of the flume,

(65)

(66)
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Four recession curves from flume 2 are simulated. They are

chosen to represent four different peak discharges. Further, curves

are chosen that are concave throughout (Q"(t) > 0 from time of peak

discharge to time of cessation of flow) as all solutions to the model

have this property. Several observed recession curves are convex just

subsequent to the peak (Q"(t) < 0) and frequently at some point on the

later portion of the recession curve Q"(t) becomes negative for a

short interval.

The results of the search for best fit are shown in part in

Fig. 9 and 10, where three best fit model curves are plotted against

observed curves.

Generally, the "best" fit for all recession curves obtained

by the search is a close fit to observed curves. For these data, it

seems obvious that incorporating a time varying loss function,

c - (t), could do little to improve the fit .

Of the four simulated curves the greatest difference between

simulated and observed curves is for the fl6od of 18 August 1974.

This is due in part to a break in slope of the observed curve which

may be caused by the intake silting problem. There is also some

difference between curves for the flood of 2 September 1974, which is

due to a short concave downward segment (Q" < 0) of the observed

curve just subsequent to the peak. As noted earlier, the model cannot

reproduce this feature.

The contoured objective function surface shown in Fig. 7

illustrates the fit between the VLR1 model recession curves and the
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flood of 2 September 1974. Its shape is typical of the CLR and VLR3

models fitted to other observed curves. Most notable is the fact that

the value of the objective function changes little along the trend of

the minimum or "trough" in the objective function surface. Perpen-

dicular to the trend, however, large changes occur in the objective

function value.

The shape of the objective function surface and trend of the

minimum indicate the sensitivity of the model to changes in the two

parameter values. The minimum value and its trend for the three

models (CLR, VLR1 and VLR3) applied to four recession curves are

shown in Fig. 11. Referring to Table 2, showing the difference in

the minimum value of the objective function and to Fig, 11, showing

the location and trend of the minimum, the following observations are

made.

For the flow of 2 September 1974 which has the highest peak of

the four flows examined, the comparison of model to observed curves

shows (1) the best fit is given by the VLR1 model (I= 18,1), (2) the

best parameter values for the three models differ widely, (3) the

slope of the trend of the minimum is "steep" and (4) the VLR3 model

shows best fit at a loss rate of zero.

Although the VLR1 model shows the best fit, the difference in

best fit between the VLR1 and CLR is not great, Fig, 9 shows that

both models underestimate discharge at high discharge values which is

partly due to the fact that the observed curve is convex (Q" > 0)

just subsequent to the peak. They both overestimate in the middle
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Table 2, Value of Objective Function for

Best Fit Model Recession Curves.

Date Qo
Number of

Data Points
Objective Func-
tion Values

Walnut Gulch--Flume 2

CLR 	 090274 788 64 20.8

081874 649 67 9.37
072074 224 27 4.66

081574 105 46 1.47

VLR1 	 090274 788 64 18.1

081874 649 67 21.4

072074 224 27 3.44

081574 105 46 1.60

VLR3 	 090274 788 64 23.3

081874 649 67 40.2

072074 224 27 8.49

081574 105 46 5.34

Walnut Gulch--Flume 1

VLR1 	 090274 390 38 9.93

081874 338 33 3.73

072074 121 20 2.88

081574 18 12 .631

Pantano Wash near Vail

CLR 	 080960 4840 13 26.3

081461 1760 7 15.7

VLR1 	 080960 4840 13 16.7

081461 1760 7 12.8

*Q0 Peak discharge

ton recession curve
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and both again underestimate at the end of the observed recession

curve.

The steep slope of the trend of the minimum in the objective

function surface together with the shape of the surface discussed

earlier indicate that both the VLR1 and CLR models are much more

sensitive to initial storage or reservoir length changes than to loss

rate changes. In terms of the ephemeral channel, this result sug .gests

that for higher peak discharges, the type of recession curve observed

depends primarily on the volume of water stored upstream. As high

peak discharges are generally associated with large rainfalls, which

give large volumes of runoff, it seems reasonable that the effect of

infiltration rate changes would tend to be overshadowed by the large

volume of water stored at peak stage and discharged during recession,

For the observed peak discharge at the flume Qo= 790 ft 3 /sec, peak

stage in the idealized stream section is about 2,33 feet. The VLR1

total reservoir loss rate at peak discharge is about 42 ft 3 /sec for

the "best" loss rate of 5.5 x 10
-5 

ft/sec (about 2.4 inches/hour),

This conclusion seems to be supported by the observation that the low

peak flow event of 15 August 1974 has a smaller slope for the minimum

trend than the other events, For this event, best fit model recession

curves are more sensitive to loss rate changes.

The fact that the VLR3 model has a best fit (which is slightly

worse than the CLR fit) for the case where the reservoir loses no

water (c'-= 0) is unexpected. This property of the VLR3 model is

observed for the other three events modeled.
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The VLR3 model was initially proposed as an improvement over

the VLR1 model on physical grounds. It takes into consideration not

only the decrease in length of flowing stream during recession, as does

the VLR1 model, but also the decrease in width of flowing stream

during recession.

The observed recession curve and the best fit generated by the

VLR3 model are shown in Fig. 9. Apparently the shape of the VLR3

solution is such that a good fit cannot be obtained. With c'= 0,

decay is too straight and there is not enough "tail" on the solution.

By adding loss (c' > 0) to the VLR3 model, the tail becomes truncated

which only worsens the fit.

The following arguments are offered to explain why the VLR3

gives solutions that are worse than those given by the VLR1 model and

why the VLR1 model is probably the best approximation to physical

processes operating in the stream during recession. The inability of

the VLR3 model to reproduce curves of the proper shape may be due to

the fact that width decreases in direct proportion to stage in the

model (woe h). In the stream, the decrease in width is not as fast

as decrease in stage as the stream cross section is not triangular

but lies somewhere between triangular and rectangular, For the

trapezoidal section used at flume 2, w cc h
.46

. In terms of the

storage-stage relation, this supposition would mean that the value of

p in S = ShP may be somewhere between p = 2 (VLR1) and p = 3 (VLR3).

On the other hand, the direct relation between decrease in

stage and decrease in "length" of reservoir that holds for the VLR1
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model is probably also too fast for the stream. If the longitudinal

section of the VLR1 model is regarded as the flood wave shape (a

triangular shape), as stage decreases in the reservoir, the shape

remains unchanged. This implies that all points on the flood wave

travel downstream at the same velocity. This is not true in the stream

for velocities decrease with decreasing stage, with the result that

the flood wave shape becomes more elongated (longitudinal length to

depth ratio increases) as stage drops . To reflect this in the VLR1

model, reservoir length should change at a slower rate than stage,

say L œ h .5
, rather than L cc h.

The combined effect of the decrease in flowing stream length

and the decrease in flowing stream width being slower than decrease in

stage is that decrease in reservoir area, wL, is about as fast as

.5decrease in stage. That is, if w h
.43 

and L cc	
.93

,

which is close to wL œ h, or p = 2, the value used in the VLR1 model,

These arguments tend to be supported by comparing the fit of

the CLR and VLR1 models for three peak discharges for which recession

curves are simulated (see Table 2), Of three peak discharges,

790, 225 and 105 ft 3 /sec, the VLR1 gives a slightly better fit for

the two high discharges whereas the CLR gives a better fit for the

low peak (the recession of 18 August 1974 is not considered because

curve shape may be affected by plugging of the stilling well), This

result may be explained by the fact that for deeper, high initial

storage flows, velocity change with depth in the flood wave is less

near the peak than for shallower, low initial storage flows, meaning
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that the shape change during recession of high peak flood waves tends

to be less pronounced than that of low peak flows. Considering the

flood wave to be roughly triangular in shape, the rate of change during

recession of the flood wave length to depth ratio increases from a

high to a low observed peak flow suggesting that the value of p should

decrease with decreasing initial storage. This could account for the

slightly better fit of the CLR model (where p = 1) to low peak flows.

Comparing the objective function maps for the four floods

shows the trend of the minimum changes in the direction of increasing

reservoir area (wL0 ) as the models change from CLR to VLR1 to VLR3,

Increasing reservoir area compensates for decreasing initial storage.

Initial storage (storage at peak discharge) decreases from the CLR

model (So= whoLo) to the VLR1 model (S o = wh0L0/2) to the VLR3

model (So= wh0L0/6). Note that for the VLR3 model, w w(h0 ).

For flume 2, the relation w = 50110 was chosen for simulation.

For all four floods the best loss rate for the CLR is higher

than for the other two models. For recession curves from the three

models to be alike (they are all best fit) it is necessary that high

initial storage be compensated by high reservoir loss rate. Thus

the trend of decreasing loss rate from CLR to VLR1 to VLR3 models,

In two cases the VLR1 model gives best fit at a loss rate of

zero. The case of interest, because peak stage is high, is the

event of 18 August 1974. This flood is preceded by a flow on

15 August 1974, three days earlier. The cases where the VLR1 model

shows a loss rate greater than zero at best fit are the event of
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20 July 1974, which is the first flow of the summer and the event of

2 September 1974, which is preceded by a period of 12 days with no

flow. The best loss rate of zero for the flow of 18 August 1974 may

reflect a real condition in the stream; that is, a high antecedent

moisture condition causing streambed infiltration to be very low,

Of the features shown by the plots of the minimum values of the

objective function, the most interesting is that groups of minima for

each flood fall at about the same location on the area parameter (wL0)

axis. This result suggests that there may exist some "characteristic"

reservoir area or range of areas that could be applied at flume 2 to

synthesize recession curves. This notion is explored further as

results of fit to data from flume 1 and the Pantano Wash are presented.

To summarize the results of simulation at flume 2 two points

are made, First, the draining leaky reservoir seems to be a reasonable

physical representation of ephemeral flow recession. Parameter values

selected by optimization are certainly reasonable from the physical

standpoint. Second, the best conceptual model appears to be the VLR1

model, Because of this, simulation of flume 1 and Pantano Wash records

will be carried out using only the VLR1 model.

Walnut Gulch Flume I

Observed stage records are converted to discharge at flume 1

using the relation

Q	 130h
2,25	

(68)
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This relation is obtained in the manner described earlier for

flume 2.

The reservoir discharge-stage relation is based on the stream

section denoted Section 1 shown in Fig, 8. It is approximated by a

trapezoid with the same bottom width as at flume 2 but it has lesser

side slopes of 1:40. Using the same channel slope, Sc = .01 and the

same friction factor, n = .035, the derived relation is

Q = 189h2.19. (69)

This rating differs from that at flume 2 in that it has a larger value

of a. It reflects the larger discharge at flume 1 for the same stage

because the stream has widened between flume 2 and 1.

The same flow events simulated at flume 2 are also used at

flume 1. Results of the search for best fit are shown in Table 2.

Values of the objective function are as good as at flume 2, which

shows that the VLR1 model gives a good fit to observed curves.

The reason for choosing the same flow events at flume 1 is to

examine the behavior of best fit parameters as the flood moves down-

stream, In Fig. 12, best fit VLR1 parameter values are plotted for

curves at both flume 2 and flume 1. Note that parameters plotted in

this figure are loss rate in inches/hour/feet 3 and reservoir shape.

Recall that shape is given by

a = Lo/ho.	 (70)
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Increase in shape means that reservoir length has increased for a

fixed peak stage at the point of reservoir discharge.

Fig. 12 shows, as expected, that the best reservoir shape

increases for all four floods as the flood moves downstream. In

general, recession curves at flume 1 have longer duration for the

same peak discharge.

The figure also shows that at flume 1 best loss rates for the

events of 20 July 1974 and 2 September 1974 are significant whereas

for the event of 18 August 1974 loss rate is almost zero, This is in

general agreement with the result at flume 2 and further supports the

suggestion that the best model loss rate may reflect real antecedent

moisture conditions .

Eliminating small peak discharge flows from consideration

(20 July 1974 at flume 1 and 15 August 1974 at both flumes), there

appears to be a group of best reservoir shapes for flume 2 and a group

for flume 1. This result suggests that a "characteristic" shape may

be used for all recession curves at the flumes. That is, for flume 2

a best shape is near a = 1.3 and at flume 1, the best shape is near

a	 2.3. Physically, best shape means that for a stream stage of one

foot, the best reservoir for simulating discharge at flume 2 has a

length of 1.3 miles and the best at flume 1 has a length of 2.3 miles,

As a test of the notion that a best shape may exist, a recession

curve not used for calibration is selected for simulation using these

characteristic shape values. The result is shown in Fig. 13. The

same recession curve is simulated at both flumes and the agreement is
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good, especially at flume 1. At flume 2, the fit would be improved

if the peak of the simulated recession were lagged by about five

minutes behind the observed peak. Note that "average" values of loss

rate have also been selected for flumes 1 and 2.

The procedure used to obtain the model curves is outlined

below:

(1) Peak stage at the flume is converted to peak discharge,

Q0, using the flume rating curve,

(2) Peak discharge, Qo, is converted to peak stage, ho ,

the stream channel section using the derived stream rating,

Q	 ch" .

(3) Width of flow, w, at peak stage is obtained at the stream

channel section,

(4) The shape parameter, a, is specified. Together with peak

stage, ho , shape determines initial length of reservoir, Lo ==aho,

(5) The loss rate parameter, c', is specified,

These steps provide all the information required to obtain a solution

of the VLR1 model equation.

Pantano Wash near Vail

The rating curve used for converting observed stage to

discharge records for the Pantano Wash is

400' 43 ,	 (71)

This rating is obtained, as before, by fitting the equation Q .-- ahm to

two measured stage-discharge pairs, Because of changes in shape of the
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cross section of flow during a flood and from flood to flood, the rating

curve is very uncertain.

The same rating is used for the reservoir model discharge-stage

relation because it represents conditions that occur in the stream

channel. Compared to the discharge-stage relations derived for the

channels on the Walnut Gulch watershed, the value of a and m are

smaller and larger respectively. This could be the result of a trian-

gular (rather than trapezoidal) cross section which could cause a and

m to have values close to those observed on the Pantano Wash,

Both the CLR and VLR1 models are tested against two observed

recession curves. The best fit model curves fit the observed curves

very well with a slightly better fit given by the VLR1 model, The

search results are presented in Table 2. The VLR1 model is tested

against an additional four recession curves to obtain best fit, It is

observed that the minimum trend of the objective function for all

Pantano recessions modeled is very steep, indicating slight model

sensitivity to loss rate parameter changes. This is probably due to

the lack of "tail" recession in the observed curves. Results from

the Walnut Gulch simulation support this explanation because models

applied there are most sensitive to loss rate change for low peak

discharges and long tail recessions. The search for best fit gives

the best shape values shown in Table 3.

The best shape values are less closely grouped than those for

Walnut Gulch data. They are of the same magnitude and are physically

realistic. For example, the highest peak discharge is at a stream
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Table 3. Best Reservoir Shape (VLR1) for
Some Pantano Wash Recession Curves

Date
Peak Discharge	 Best VLR1 Reser-
(Ft 3 /Sec)	 voir Shape, a

080960 . 4840 .57

081461 1760 1.95

082963* 3240 .70

082963** 1550 .75

091164* 8330 2.15

091164** 11030 1.20

* and ** denote first and second peak for same flood.
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stage of 9.5 feet, which multiplied by shape gives a length of

"flowing" reservoir of about 11 miles at peak discharge.

Two floods with double peaks were simulated, This was intended

to determine if best loss rate decreased from the first to the second

peak but the lack of tail recession mentioned earlier made the deter-

mination impossible.



CHAPTER 9

SUMMARY AND CONCLUSIONS

A leaky reservoir model is proposed to represent streamflow

recession in the ephemeral stream. The model is described by a con-

tinuity equation, a discharge-stage relation (rating) and a stage-

storage relation that describes reservoir shape. The bottom of the

reservoir leaks to account for infiltration loss in the stream

channel.

The best recession curve shapes are given by a model, denoted

here as the VLR1 model, which represents the stream by a reservoir

with a constant width rectangular cross section and a triangular

longitudinal section. As reservoir depth decreases during discharge,

the length of leaking reservoir bottom decreases to account for the

decrease in length of flowing ephemeral channel during recession.

The VLR1 model has two parameters, reservoir loss rate per unit

area of reservoir bottom and reservoir shape, which is the ratio of

reservoir length to reservoir depth at the point where discharge takes

place.

A measure of goodness of fit between observed and simulated

curves is defined and the parameters are optimized, The values chosen

are both physically realistic and give model curves that fit observed

curves very closely. The fit between model and observed curves is much

more sensitive to reservoir length changes than to loss rate changes.

78
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In addition to being capable of providing a good fit to data,

the VLR1 model, as a conceptual model, is believed to represent in

general the physical mechanisms operating in the stream during

recession. In the stream, channel bottom area that contains the flood

decreases by (1) decreasing length of flowing stream and (2) decreasing

width of flowing stream. In the last chapter, it was argued that both

of these changes in length are probably slower than change in stream

stage. But considered together as change in bottom area, the change

is nearly in direct proportion to stage . That is, the relation

wL cc h in the VLR1 model appears to be a good description of the

relation between stream stage and area of flowing stream.

The relation wL cc h is important for it determines both the

relation between storage and stage and between total reservoir loss

rate and storage. The storage-stage relation is used to formulate

the storage-discharge relation needed to write the basic leaky

reservoir differential equation.

The assumption of a constant loss rate per unit area in the

stream is shown to be good. Loss of water by infiltration to the

stream is probably high at the onset of the flood, then decreases to

a nearly constant value, Typical modeled recession curves take between

five and fifteen minutes to reach peak discharge, which is believed

sufficient to have infiltration rates closely approach a constant

value.

The results of the simulation of Walnut Gulch recession curves

suggest that a characteristic model reservoir "shape" may exist for
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flood recession at a given point on a stream. The task of synthesizing

a sequence of ephemeral flood hydrographs from a sequence of peak

discharge values would be made easier if a single shape parameter

could be used for recession from any value of peak discharge.

On the Pantano Wash, the best reservoir shapes for recession

curves are about the same order of magnitude as for the Walnut Gulch

recession curves. The Pantano Wash at the gaging station has a width

of about 70 feet, which is about the same as widths at flumes 2 and 1.

But it drains a much larger watershed area. The similarity between

best reservoir shapes on the Pantano Wash and at flumes 1 and 2 hints

that a characteristic recession curve shape may exist that could be

applied to different streams.

Physically, this result is not unreasonable. It implies that

the flood wave, after having traveled some distance down a dry,

infiltrating stream channel, develops a shape determined by channel

properties with the result that the shape of input is obliterated,

The model has several weak points . The choice of a model

rating curve of the form Q ahm implies that the stream discharge-

stage relation is (1) unique and (2) does not depend on time. Both

of these conditions are probably never met, Maddock (1969) argues

that a unique stage-discharge relation never exists for channels with

moveable beds. Ephemeral channels typically have beds consisting of

unconsolidated sediments and there is significant scour and fill of

the channel cross section during a flow event and channel morphology

can change significantly between flows,
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The derivation of the reservoir rating relation, Q = ah', is

based on the Manning equation and an idealized flow cross sectional

shape. The greatest source of uncertainty in the Manning equation is

the friction factor, n. A change in friction factor value changes the

value of a in the rating and results in a change of best fit reservoir

shape parameter. The value of m in the rating is not dependent on

the friction factor.

Physically, a decrease in friction factor is a decrease in

stream channel roughness which causes flow velocity to increase. For

a fixed flow cross section, discharge at a given stage increases

resulting in an increase in the value of a. To obtain the same model

recession curve with increased discharge, initial storage must be

increased which can be accomplished by increasing the value of the

reservoir shape parameter.

The flow cross sectional shape chosen to represent the outflow

from the reservoir determines, for a fixed flow velocity, both a and

m. To illustrate this dependence it is assumed that the flow cross

section used at flume 2 has a width of 100 feet at a stage of two feet.

Recall that a trapezoid was used to represent the flow cross section

and that a bottom width of 20 feet and side slopes of 1:20 gave the

rating Q 136h
2.10	

In Table 4 the values of a and m are shown for•

a trapezoidal section whose bottom width decreases and top width

remains at 100 feet. Discharges calculated at stages of .5 and 2.0

feet from Equation 66 are used to obtain a and m.
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Table 4. Change in a and m with Change in Width of Idealized
Stream Section.-- Change in a,m in discharge-stage
relation, Q ah", change in best fit parameters c and
Lo and change in objective function with change in bottom
width of idealized trapezoidal stream section. Event of
2 September 1974 at flume 2, Walnut Gulch Watershed.

Section Bottom
Width
(ft) a

c'	 Lo	 I(c',L0)
(in/hr)	 (miles)	 (ft 3 /sec)

15 121 2.15 2.5 1.4 18.1

10 103 2.27 3.5 1.5 18.4

5 86 2.43 4.5 1.7 18.6
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The results shown indicate that the bottom width changes cause

Œ and m to change significantly in opposite directions. The change in

best reservoir shape is small; the change in best loss rate is larger.

The simulated curves at the respective best values of shape and loss

rate fit observed curves equally well.

In terms of sensitivity of model recession to parameter change,

the difference in best loss rate shown in the table has a smaller

impact on the model curves than difference in reservoir shape. The

difference in shape is small which indicates that the changes in

shape illustrated by this example, while resulting in large changes

in a and m, have little effect on best fit parameter values.

In general, the choice of two parameters is somewhat arbitrary.

It is based on the observation that loss rate and reservoir shape are

the least well known of the variables that must be estimated to give

a model recession.

A better fit could possibly be obtained by choosing peak

discharge, Q0 , as a third parameter. Recession could then start from

a best peak discharge somewhere near the observed peak. For example,

a recession such as that shown in Fig. 13, where the curve is concave

downward just after the peak, could be more closely fitted near the

peak if the model curve was allowed to start from a higher value of

initial discharge, Qo.

As a device intended to reproduce observed recession curves,

the leaky reservoir model gives curves that can be adjusted to give a

very good fit to observed curves using physically reasonable parameter



84

values. The conceptual basis for the model seems to be a reasonable

physical description of the recession mechanism which is also simple.

While it was hoped that it might be possible to propose a means

of estimating reservoir parameters from stream properties in the

absence of streamf low records, it is not yet clear how their values

can be determined.

The most "critical" parameter is reservoir shape, as the model

recession curves do not change much with changing reservoir loss rate,

and this parameter is uncertain because the value of the friction

factor used in the Manning equation is uncertain. Results suggest

that a characteristic shape may exist for recession at a point on the

stream. It has yet to be shown how shape might be estimated in the

absence of streamflow data. This problem seems to be worth continued

research.

The present model is applicable to extending observed recession

curves where some portion of the curve is absent or where tail

recessions have not been recorded because of the intake plugging

problem. The model is also of use in synthesizing a record of

ephemeral stream flow where streamflow data exist for calibration,

if rise to peak discharge is assumed to be instantaneous and a

sequence of peak discharges has been observed or can be synthesized,



LIST OF SYMBOLS

A	 coefficient in leaky reservoir equation

A
c	

flow cross-sectional area (L2 )

a	 reservoir shape

B
c	

coefficient in leaky reservoir equation

By	coefficient in leaky reservoir equation

exponent in point infiltration function

Chezy frictional resistance coefficient

total reservoir loss rate (L 3 /T)

1
	 coefficient

c'	 unit area reservoir loss rate (L/T)

acceleration of gravity (L/T2 )

h	 reservoir stage at outflow point (L)

h
0
	reservoir stage at peak discharge (L)

objective function

local outflow in channel due to infiltration (L 2 /T)

linear reservoir time constant (1/T);

coefficient in point infiltration function

reservoir length (L)

0	
reservoir length at peak discharge (L)

exponent in discharge-stage (rating) relation

Manning's n;

exponent
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input to reservoir (L 3 /T)

P
c	

flow cross section wetted perimeter (L)

exponent in storage-stage relation

discharge (L 3 /T)

Q0	
peak discharge (L 3 /T)

Rh 	hydraulic radius

exponent in leaky reservoir equation

storage (L 3 )

S
c	

channel slope

S
f	

friction slope

0	 storage in the reservoir at peak discharge (L
3 )

exponent

time

t
d	

time duration of recession

point infiltration velocity (L/T)

110	long time saturated point infiltration velocity (L/T)

flow velocity (L/T)

reservoir width (L)

X. ith observed recession curve

distance in flow direction (L)

jth point on ith observed recession curve

Y. ith simulated recession curve
1

Y	 flow depth (L)

yij	
jth point on ith simulated recession curve

,

a	 coefficient in discharge-stage (rating) relation
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coefficient in storage-stage relation

T	 opportunity time (T)
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