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INTRODUCTION

The U. S ESSA Weather has for
many been engaged n a program of con-
tinuous river forecasting, utilizing 4 wide varety
of hydrologic techniques to produce various
types of forecasts. In large rivers the instantane-
ous discharge hydrograph is usually predieted
by routing observed upstream flows and reser
voir releages. Forecasts of total volumes of dis-
charge during extended periods are based on
analyses of anticipated precipitation and/or
snowmelt. The response of individual headwater
basins to storm events is predicted by the use
of rainfall-runoff relations and hydro-
graphs. Discharge of such basing during fair
weather periods s arrived at by extension of
ground-water depletion curves, What has been
lacking is a purely ohjective means of predieting
the flow from mndividual basing during periods
when 1t consists of ground-water discharge com-
bmed with relatively small amounts of direct
runoff.

The demands for river forecasts are con-
tinually inereasing. These demands are for wider
areal coverage as well as for improved precision
i the low and medium flow ranges. To aceom-
modate these demands the U, 8, Weather Bureau
has been evaluating various techniques for mak-
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levelopment of the four basie parts with a minimum of interaciion.

ing continuous forecasts of the response of In-
dividual basins. Such evaluation must include a
comparison of forecasts of storm events produced
by existing procedures and by the continuous
type model under consideration. To facilitate

this comparison, the existing techniques were
modified to embrace the concept of a continuous
streamflow model. This modification, as effected,
inchudes a new method of expressing ground-
water discharge as a function of independent
parameters. This combination of old and new
techniques constitutes a complete hydrologie
model that is the subject of this paper.

The results of the test of the model have been
very encouraging. Although complete fests have
been run on only two basins, the Monoeacy
River near Frederick, Maryland, and the French
Broad River at Rosman, North Carolina, these
tests indicate that this model may become a
practical forecasting tool.

THEORY OF THE MODEL

General. All flow in any river channel is
originally derived from precipitation. Individual
particles of water, however, fall in different
parts of the basin and reach the channel by a
great number of routes. The travel may be
above or below ground and may require months
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or years or no time at all. Consequently a de-
tailed effort to categorize flow eomponents could
yvield an almost unlimited number. The flow,
however, is usually thought to consist of four
components:

1. Channel precipitation: Rain falling di-
rectly on the surface of the stream.

2. Surface runoff: Water that falls on the
bagin surface and finds its way into the
stream channel by means of overland
flow.

3. Subsurface runoff (also called subsurface

flow, interflow, or seepage into the
stream) : Precipitation that infiltrates the
surface soil and moves laterally through
the upper soil lavers toward the stream
channel. This may he pictured as a move-
ment of air and water (unsaturated flow)
above the ground-water level.

4. Ground-water runoff or ground-water
flow: That part of discharge caused by
percolation into the ground-water aquifer
(saturated flow).

In runoff analysis there is no rational tech-
nique for completely and accurately delineating
the various flow components that together define
the hydrograph. Further, the decision as to how
many components to recognize is somewhat
arbitrary. It seems logical to define and treat
as few as are necessary fo obtain acceptable
results. The procedure used in this study is to
consider just two components, direet runoff and
ground-water flow. Direct. runoff consists of
items 1, 2, and 3 above. Ground-water flow is
defined in item 4.

The direct runoff eomponent of the hydro-
graph is computed from precipitation hy the use
of an antecedent precipitation index (API)
type rainfall-runoff relation and a unit hydro-
graph. As will be pointed out later, the rainfall-
runoff relation has been modified somewhat, but
the model computes this component of flow hy
basically standard techniques. The ground-water
discharge hydrograph is represented as a fune-
tion of the direct runoff hydrograph. The re-
lationship between the two described below in-
volves the use of the ground-water recession
coefficient for the basin, The complete model
then consists of four parts:

1. Ramfall-runoff relation.
2. Tnit hydrograph.
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Fig. 1. Standard AP/ type rainfall-runoff relation.

3. Relation for expressing ground-water
hydrograph as a function of the direct
runoff hydrograph.

4. Relation for evaluating the ground-water
recession coefficient.

Rainfall-runoff relation. Direct runoff vol-
ume is determined within the model by using
an API type rainfall-runoff relation [Linsley
et al., 1949, pp. 4184247, In this relation (Figure
1) the API is used as an index to upper level
soil moisture. It 18 a decay function of pre-
cipitation and reflects the precipitation regime
for about one month prior to the event. In the
season quadrant the APl is combined with a
geasonal parameter, week number, to produce
an antecedent index ({AI), which is intended to
represent antecedent conditions completely. The
duration quadrant applies a small adjustment
hased on storm duration to the A/ and results
in a final index (FI). The duration quadrant is
ustally assumed to be standard for all basins
and simply applies an adjustment of 40.01 per
hour duration. The precipitation quadrant ex-
presses direet runoff as a funetion of FI and
storm precipitation.

As described the relation determines the total
direct runoff for an event of any duration in
terms of total precipitation. In operational
foreeasting, however, six-hourly increments of
runoff are nsually required. The most common
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method of obtaining these inerements is to de-
termine an itial A7 for the event, using the
initial AP and the week number. At the end of
each six-hour period, the Al is used with the
duration and total aceumulated precipitation at
that time to compute the total accumulated run-
off, Successive figures of aceumulated runoff are
then subtracted to obtain runoff ncrements.
Although such use of a total storm relation is
quite consistent with the conecept and with the
fact that the relation is developed from total
event data, a question occurs when an extended
storm period 18 interrupted by one or more
periods of little or no preeipitation. Should one
continue the computation as described above or
break it and start over with new antecedent
conditions, considering the subsequent precipita-
tion periods as a separate event? The two
methods will not give the same result, and there
may bhe a signficant difference. Making the
choice always involves a high degree of sub-
jectivity.

In using the AP/ tvpe of relation as part of
a continuous model, this deficiency becomes of
paramount importance. It is virtually necessary
to have an ineremental type of relation, that ig,
one in which the preeipitation for each unit time
period (six hours in this study) is converted to
runoff on the basis of its own updated ante-
cedent conditions. The procedure for each six-
hour period must be identical to that for every
other period and result directly in a six-hour
runoff inerement. Although the need for such a
technique has long been felt, there are two prob-
lems connected with it.

The first problem is that the type of relation
shown in Figure 1, regardless of the configura-
tion of the curves, cannot be used incrementally
as deseribed above. The reason is evident from
a discussion of Figure 2, which shows two pre-
cipitation regimes and the resultant AP pat-
terns. The direct runoff resulting from the one
inch of precipitation falling in the first period of
the fifth day is computed. In both cases the
API, based on a daily recession factor of 0.9,
is equal to 3.91 inches. Bince all input parameters
to the relation are identical in both cases, the
relation must compute the same runoff in both
cases. In Figure 2a the precipitation in question
oceurs after a continuous dry spell of 54 hours.
Consequently before runoff starts, interception
and depression storage losses must be satisfied.

1009

In Figure 2b, however, the subjeet period is the
fifth period of a continuous storm which has
already deposited 3.70 inches on the basin. Ob-
viougly basin retention capacity is largely satis-
fied, and the runoff from this inch of precipita-
tion will be greater than from the corresponding
inch in the previous ease. Since the relation has
no wayv of distinguishing between two such
situations, it cannot in this form be used ncre-
mentally.

The second problem is one of development.
Titting the relation to a particular basin eon-
sists of correlating the independent variables for
a number of events with the dependent variable,
ohserved runoff, for each event. While the total
runoff resulting from a precipitation event can
be easily determined from the observed hydro-
eraph, it is virtually impossible to apportion this
quantity among the individual periods of the
event. Consequently the development of an in-
cremental relation would be expected to mvolve
correlation with a dependent variable that is not
ohservable.

The method which has been devised over-
comes both of these problems. It involves the
itroduction of & new Input parameter, reten-
tlon index (RI). This iz similar to the API but
has a much lower recession factor and is there-
fore a short-term moisture index reflecting the
presence of water in interception and depression
starage. In Figure 2 the RI (dofted line), hased
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on a daily recession factor of 04, has a value at
the beginning of the fifth day of 0.36 in the
first, example and 3.00 m the second. Conse-
quently the BRI can reflect the difference between
these two situations, and if properly introduced
into the relation, should make it possible to
compute the correet runoff i both cases. Figure
3 shows how the RI is used. Since all events
have been reduced to unit duration, the dura-
tion quadrant of Figure 1 iz no longer needed
and has been replaced by the RI quadrant. The
total storm relation (Figure 1) is presumably
capable of predicting the runoff from any six-
hour event. or from the first six hours of a longer
event. In either ease the duration quadrant
would modify the Al by +0.06. The season
quadrant of Figure 3 1s identical to that of
Figure 1 except that all of the curves have
been shifted 0.06 to the left. The configuration
of the eurves in the precipitation quadrant has
not been changed. Thus the relation will cor-
rectly predict the first runoff inerement of the
event if the RI quadrant equates the FI to the
Al Tf it is assumed that the RI at the beginning
of anv event 1z zero or close to it, then the zero
RI curve must be a 45 degree line through the
origin as shown. Since all R/ values greater than
zero must act to produce an FI smaller than the
Al all of the curves must lie above the zero
curve. Since small amounts of precipitation can
often satisfv retentive capacity and since further
rainfall has lttle additional effect, the eury
would be expected to exhibit deereased spacing
for higher RI values as shown. If the curves are
assumed to be straight lmes, then the RI quad-
rant can be expressed by the formnla

FI = AI(RAY™ )

where R4 is a basin constant less than unity.

Since the season and preeipitation quadrants
can be developed on the basis of storm total
parameters, all that is required to define the in-
cremental relation iz evaluation of the bhasin
constant RA. The technique by which this is
accomphshed is deseribed in the following see-
tion.

All curve families in the rainfall-runoff rela-
tion ean be expressed analytically. A group of
formulas to accomphsh this is presented in the
appendix.

Groundwater  discharge  hydrograph.  As
noted earher, this component of channel flow,

e
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which originates as imfiltrated water, is repre-
sented as a funetion of the direct runoff hydro-
graph. The close relationship between direct
runaff and infiltration suggests such a function.
If the ground-water flow hydrograph is con-
sidered to represent outflow from the ground-
water aquifer, then it is reasonahle to think in
terms of an ‘inflow to ground water’ hydro-
graph, a composite of the mflow taking place
throughout the basin. At any time when inflow
18 zero, the outflow follows a simple depletion
pattern: that is

G, = (Kg)'(Go) (2
where (7, and (7, are the ground-water discharge
values at time zero and time ¢ and Kg is the
ground-water on factor. As the direct
runoff approaches zero, the total discharge @
approaches the gronnd-water discharge G. If
it s assumed that mflow to ground water [ is
a function of concurrent direct runoff discharge
and that the ground-water and surface water
divides coineide, then mflow must become zero
at this point and equation 2 will apply. An
expedient first assumption is that the relation
hetween inflow to ground-water and direet run-
off discharge may be represented by the simplest,
possible funetion, a linear one

[ = 2(Q — &) (3)

where 7 is the ratio of the instantaneous value
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Fig. 3. Incremental rainfallvunoff relation
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of inflow to ground water to the concurrent
instantaneous value of direct runoff discharge.
Whether or not Z is constant cannot be de-
termined at this time, but the following deriva-
tion does not depend on its heing so. Later s
funetional relationship for Z will be determned
empirieally. If the value of Z is known, how-
ever, then the inflow to ground-water hydro-
graph may be ecomputed with equation 3. This
hydrograph, if suitably routed (simulating the
movement of water through porous media), will
vield the desired ground-water outflow hydro-
graph. If 1t 18 assumed that Muskingum routing
[Linsley et al, 1949, 502-503] with zero X
(reservolr routing) will accomplish this, then all
coeflicients in the routing equation may be
evaluated if the ground-water recession factor
is known.

Referring to Figure 4 which shows a typical
storage depletion curve, the discharge at any
time t may be expressed as a funetion of that at
g previous time a and the recession factor Kg

Q. = Q(Kg)' )
During the differential period from time ¢t

to time ¢ -+ df, the change In storage — dS is
equal to @t From this and equation 4

e dS = QKT d
Considering the change in storage from time a
to time b

(5)

[ e d S =0, / (Kg)'" " i (6)

Ja a

I

t=a TIME (1) ~—— 1=t t=b

Fig. 4. Ground-water depletion eurve.
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Integrating
o > (t~a) |b
Ky \
S = ), 7
] da K ] (7)
Applyimg hmitg
e lh=nl > {a—al
S;,» o Sa = AQG[IT.(][, ngl K¢ ]
n Ky n Ky ®)
__QuK 9" Q.
In K¢ In Kg

applying equation 4 at time o and sub-
stituting in equation 8

S= 8= =k i Ky
or
= |8, - 8, - (- 9
Q ( S k)T Ko ()

The Muskingum storage equation with zero X
equates storage with the product of outflow
and the storage constant K. Since the outflow
in this ease is @,

S = K{(Q,)

As the routing mvolves only increments of
storage, absolute storage volumes are not needed
and are in fact indeterminate with this type
of analysis. All that is required is the value
of storage In reference to some arbitrary but
constant level. Referring to equation 9, the
quantity (— S, — @Q./In Kg) is constant with
respect. to time and, although indeterminate,

(10)

may be considered the datum value. The quan-
fity (S, — S, — Q./In Kg) then becomes the

difference hetween the storage at time b and
the datum wvalue. This ecorresponds to the
quantity S in equation 10. Equation 9 then
becomes

Q, = (S)(~In Kyg) amn
Substituting in equation 10
S = E’I()(S}(“‘“ In I\Y(/\}
Solving for K
i .
K = —o— 12]
n Kg (12)

For the routing problem at hand, Kg is the
ground-water recession factor for the hasin.
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storage constant K, the routing
routing period of =ix hours

are computed as follows:

Having the
coeflicients for a
(one-fourth day)

Co= O = e (13)

Y e A od (14

Ce= K+ (14)
The rouning equation then becomes
(Z}(Ce)(()e o Gz + Q} o G))

+ (Cz)((fz) (]5)

This gives an ordinate on the ground-water
flow hydrograph G, in terms of the preceding
ordinate G, and the differential quantity (Q-G),
which is an ordinate on the direct runoff hydro-
graph. Thus equation 15 may be used to
generate the ground-water flow hydrograph if
the direct runoff hydrograph is known. The
equation may alse he written

(Z)(C)(Q + Q.) + (G)(C, —
(14 zCy

Z(.\Y”}
{(16)

Equation 16 gives the gronnd-water hydrograph
ordinate in terms of the preceding ordinate
G, and points J, and @, on the total flow
hydrograph. Thus the equation can be used ta
separate a hydrograph inte its two components.
Whllv 1t 1s not used in this form in the model
1t 1s used in the development of both
ho rainfall-runoff relation and the unit hydro-
graph.

The above hypothesis does not recognize the
condition of depletion of ground-water supply
to a pomt below that corresponding o zero
channel inflow and is consequently applicable
only to continuous streams. To use thiz ap-
proach with intermittent or ephemeral streams
may well require some modification of the basie
theory.

Relation for evaluating ground-water reces-
sion coefficient. The mnature of the computa-
tion described above is such that the value
of the coefficient Kg is eritical. Consequently
no attempt is made to use a constant value.
Kg is considered to be primarily a function of
discharge, having & value of unity at zero dis-
charge and decreasing for higher flows. Since
equal  discharge values in  different seasons
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different  ground-water
s made for

probably  result from
level configurations, provision
seasonal variation in Kg.

Figure 5 is a schematie diagram of the com-
plete model. All computations involved in the
model can be performed by electronic com-
puter.

DEVELOPMENT OF THE MODEL

Development of the model incorporates
mdependent, determination of its four basic re-
lations prior to their combination into the com-
posite model for final verifieation and adjust-
ment. In thig project all computations involved
m the development procedure and the opera-
tion of the complete model were performed by
a small scale elecironic computer.

Cround-water recessi ficient. The first
part of the model to be evaluated iz a relation
for expressing the ground-water recession co-
efficient as a funetion of ground-water discharge
and week number. The daily coefficient is de-
fined by

Kg = @,/Q, (17}
where @, and @, are the discharges at some
time on two sucecessive days when there is no
direct, runoff. To derive the relationship a
visual inspeetion of several vears of mean daily
hydrograph is made to select periods meeting
this eriterion,

Equation 17 is then solved for a very large
number of pairs of discharge values. In practice,
for the sake of expedience the mean daily
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Fig. 3. Schematic diagram of API type hydro-

logic model.
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values of discharge are used. Results are vir-
tually identical to those which would be ob-
tained by using instantaneous values, The
computed values of Kg are then grouped by dis-
charge and median values of Kg and @, com-
puted for each group. For low values of dis-
charge, where Kg approaches unity, group
medians give results superior to group averages.
A curve through the points so defined represents
the average relation between Kg and discharge.
The seasonal parameter is then introduced by
correlating the deviations of the individual
events from the eurve with week number. The
resultant curve of week number versus devia-
tion is applied as a linear function of discharge
in such a way as to simulate a family of curves
converging at zero discharge,

Ground-water flow hydrograph. Anslyzing
several years of mean daily streamflow data and
applying equation 16, the ground-water flow
hydrograph for the period ean be generated,
hased on any assumed vahie of or relation for
Z. In this application the routing period is one
day, and the values of @ used in the equation
are mean daily rather than instantaneous. The
procedure results directly in a mean daily
eround-water flow hydrograph which is virtually
identieal to that which would be obtained by
working with instantaneous values of discharge.
The adequacy of the trial value of Z eannot
be fully evaluated since the actual ground-water
flow hydrograph is not known. However, the
manner in which it fles in with the recession
of the total flow hydrograph following a rise
is a good indieation. If the value of Z is too
small, the ground-water flow will consistently
run below the total after it is obvious that
direct runoff has ceased. If Z is too large,
ground-water flow values exeeeding total flow
will result. Although it was found necessary
i the study to make some minor revisions to
the Z relation based on the output of the com-
plete model, the above fechnique yielded results
that, although tentative, closely approximated
the final value.

As noted earlier, there is no theoretic reason
for Z to be constant. To obtain a proper ground-
water flow hydrograph, it was in fact necessary
to adopt a variable ratio. In the one used, Z
is a function of fotal discharge of the form

Z = ZA 4+ ZB(Q) (18)
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where ZA and ZB are basin constants and @
is the total discharge. A third constant ZC
is a limit which Z may not exceed. Some ex-
perimentation with other forms of relations
took place, but that described gave the best
overall results.

Rainfall-runcff relation. The development of
the rainfall-runoff part of the model consists
of developing a conventional total storm rela-
tion and then converting it to the incremental
type by evaluating the coefficient BA in equa-
tion 1. To acecomplish this, several trial values
of BRA are used. With each value all preecipita-
tion events are run through the relaiion, and
the total of all computed inerements for each
event i1s compared to the observed total run-
off. The errors for individual events are as-
sembled into a summary containing average
error, blas, maximum error, or any other mean-
mgful parameter. The several values of RA
are then plotted against each of the parameters
and the best value of RA selected. Tt was found
that all error analysis parameters tended to
minimize at the same value of RA, lending
eredence to the general approaeh.

Theory dictates only that the RI recession
factor be econsiderably less than that for the
API (usually 0.9}). It seems logical to expect
that in practice the factor could be standardized,
at least geographieally, as the API factor has
been. In this project, however, i was neces-
sary to optimize both the recession factor and
the constant K4, which is unique for a basin.
Values of the daily recession factor used were
0.38 for the French Broad basin and 050 for
the Monoeacy.

It was found that in one of the test basins,
the Monocacy River near Frederick, Maryland,
results could be improved by considering RA
a funefion of week number rather than a con-
stant. To determine the relation for a seasonally
variable eoeflicient, a value of RA is determined
for each event such that the error for that
event will be zero. These are then correlated
graphieally with week number. The applieation
of the resulting curve in actual computation is
accomplished by table look-up. The determina-
tion of the optimum RA for an individual event
involves an iterative procedure that is complex
but not formidable. During the process a sen-
sitivity figure, the ratio of differential error 1o
differential RA, is computed for each event.
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These are used as weights in the correlation
with week number.

As stated above, verification is based on the
comparison of observed direct runoff for an
event with the summation of the computed in-
erements for that event. Sueh a comparison
assumes that 1f the relation will consistently
compute inerements adding to the correct total,
then the increments themselves must be correct.
This assumption 1 quite logical. Since the in-
eremental relation will compute the runoff from
the first increment of any event equal to that
resulting from application of the total storm
relation, then an acceptably correct total for
any two-period storm verifies the second in-
crement, Similarly if the incremental relation
correctly predicts the runoff for the first two
periods, then the third period of any three-
period storm is verified if the correct total is
obtained. The reasoning may be extended in
this manner to events of any duration. This
logie assumes no bias in events of any particular
duration eategory. Correlation of forecast error
with duration is one of the tests which should
be made in developing any rainfall-—runoff rela-
tion. This procedure was followed with the re-
lations for each of the tfest basing, and there
wag in fact no bias.

An interesting phenomenon was noted during
the development process. Because it is possible
for an merement of rainfall occurring late in
a storm to produce virtually 1009 runoff, the
precipitation quadrant must be drawn in such
a way ag to indicate 100% runoff at zero FI.
Since 1009 runoff or any condition closely
approaching it is not usually possible on a
total storm basig, the season quadrant paired
with such a precipitation quadrant will not be
capable of producing an A7 close to zero. The
result iz that the precipitation quadrant has
an area (low FI) not used by the total storm
relation and hence not defined in its develop-
ment. The area 1z used in the incremental rela-
tion, however. A revision of the curves in this
area, actually the definition of them, must {ake
place during the conversion of the relation to
the ineremental type. This revision is easily
accomplished once the need for it is recognized
and understood. The important aspect of this
is that the resulting relation more nearly ap-
proaches the ideal condition of being defined
in all areas of all quadrants than a total storm

SUPTNER, SCHAUSS
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relation. For this reason such a relation is
expected to forecast properly a future event
having initial conditions not encountered in the
development and test data.

In both basing for which inecremental rela-
tions were developed, these computed total
storm  direct runoff at least as well as the
total storm relations.

Unit hydrograph. The best fit umt hydro-
graph for a basin would be one derived from
all storms in the period of record. Such an
analvsiz has never been practical beeause of the
great amount of labor invelved. In this study,
comparable results were achieved by the use
of a two-step process. A unit hydrograph was
derived in the econventional manner, using sev-
eral selected events. This was considered a first
approximation. Onee all model parts were de-
fined, the model itself was used as the tool
for adjusting the unit hydrograph. Using either
the trial hydrograph referred to above or a
subsequent approximation, several vears of
preeipitation data were run through the com-
plete model, and the results compared with the
observed streamflow data. Such a comparison
imvolves qualitative inspection of hundreds of
storm events, large and small, and indicates
unit. hydrograph revisions reflecting a truly
comprehensive sampling of the data.

Such a trial i fast and easy and can be
repeated as many fimes as necessary to obfain
the best fit. The authors do not know of any
other technique for unit hvdrograph develop-
ment which permits as complete use of the
data.

Sequential development. Tt will be noted
from the foregoing discussion that the four
basic parts of the model ean be developed in-
dividually for a basin in the order specified.
In the proecess the independent and dependent
variables involved with each part can be
ientified and evaluated from hydrometeoro-
Jogic records. Furthermore the development of
cach part is dependent upon values assigned
to parts previously developed but not upon
those to be developed. This permits a direet
and definite development procedure. While iter-
ative or trial and error processes are used to
optimize some of the parts, there is no iteration
among parts. This ‘sequential development’
capability is one of the model's pronounced
advantages.
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One minor deviation from thig coneept is the
fact that the Z relation cannot be firmly de-
termined before the complete model has been
assembled. In the work so far, it has been
found necessary to hase some revisions to this
formula on the final model output. Although
this is coineident with the final revisions to the
unit hydrograph, 1t 1s fairly easy o associate
output errors with one part or the other. Re-
finements to the Z relation made at this time
are small enough not to invalidate the rain-
fall-runoff relation already developed.

PISCU

TON AND RESULTS

The tests of the model invelved two river
basins. One is the Monocacy River near Freder-
ick, Maryland. This 1s an 817 square mile
basin located m the foothills of the Appalachians
and in the North Central portion of the state.
The elevation ranges from 230 to 1900 feet
above sea level. The area is largely agricultural,
and land cover 1s prinecipally pasturage and
deciduous trees. The mean annual preeipitation
ig 40 to 45 inches, and the mean annual runoff
14.5 inches,

The other basin is the French Broad River

at Rosman, North Carolina. The basin covers
6% square miles and is located in the southwest
corner of the state, well up on the eastern slope
of the Blue Ridge Mountains. The elevation
ranges from 2200 to 6000 feet above szea le
Most of the area is unused and covered mfh
stands of deciduous tr The soil zone 1z
shallow and highly permeable. The mean annual
precipitation 1z 70 to 80 nches, and the mean
apnual runoff is 43.9 inches.

Instrumentation in the test basins is some-
what beiter than that usually encountered in
operational forecasting. Tt is felt that for pur-
pages of research and model festing, atypical
mstrumentation is desirable, although the re-
sults of the tests are to some extent superior
to those obtained operationally.

During the winter, snow is qmie common in
the Monocacy basin and falls oceasionally in the
French Broad basin. This project, was not con-
cerned with the computation of snowmeli or
with methods of ireating the resultant water.
Where snow existed, however, it could not be
ignored, and it was dealt with in a rational but
very rdimentary manner, The procedure was
to adjust the precipitation record on the basis
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of temperature. Fach period of precipitation
was categorized as liquid or solid. If solid, 1t
was deleted from the record and added fto
snow cover. This cover was melied on the basis
of temperature and the melt fignres inserted
into the precipitation record. The result was ¢
record which ecarried solid precipitation at the
time it melted rather than at the time it fell.

This record was used as model input. The
Monoeacy record was treated in this manner,

but that of the French Broad basin was not.
The object was not to reproduce accurately all
winter rises but simply to keep the molsture
acconnting  computations from getting badly
out of phase.

As noted the model provides acceptable
output using only one input parameter, pre-
cipitation. This is important since other hydro-
meteorologic data, such as potential evapotran-
spiration, are usually not available from sites
representative of basing heing forecast.

Any hvdrol rw"n modol contains 4 great many
coeflicients and parameters. The coneept of the
model can he su(f}; that these are actual meas-
cal quantities, or they may be
indices to those quantities. The AP model i
of the latter type. The distinetion involves a
rather iImportant aspect. Any model, to serve a
useful purpose, must be "‘ed to a basin by
determining the values of the various coefli-

ures of phy

7

cients. There are two basie methods for doing
this. One involves use of measured values of

the basin input—output guantities and a proce-
dure for adjusting coeflicients to fit. The other
consists of a theoretic determination of the co-
efficients based on measurable physical charac-
teristics of the basin itself. With a highly ra-
tional model where the coeflicients are of the
actual measure type, the fitting process usually
involves parts of both methods. The index
type model, however, is restricted to the first
method. The ability to acquire information
ahout the coefficients of a rational model with-
out using hvdrometeorologic records is a great
advantage in some applications. If significant
changes in the physical characteristics of a
basin have been made recently or are being
anticipated, the manner in which these affect
the hvdrologic characteristics can be quantita-
tively estimated. In certain types of planning
activities, this capability is needed. The basin
changes heing referred to are hydrologie (land
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use and urbanization) as opposed to hydraulic
(dams and storage reservoirs).

In operational river forecasting, the ability
to alter a model theoretically to reflect such
changes 1s seldom needed. In natural basing
of the size commonly forecast, these changes
usually come about so slowly that their effect
can be gleaned from hydrologic records. The
model’s ability to make use of existing forecast
procedure 18 a great advantage mn adapting it
to areas of present forecast responsibility.

A pecessary feature of any forecast model
ig the ability fo adjust model parameters at
any time to correspond to observed streamflow.
In this model, because of the simplicity of its
concepts, this adjustment ecan be made quite
easly,

A number of observations made during the
study are of mterest. The concept of ground-
water discharge as a funetion of direet runoff
apparently adequate results.  Correef,
evaluation of total discharge verifies the ac-
curacy of the two components of which it eon-

gives

gists, In addition, however, the computed
ground-water flow hydrograph itself agrees

nicely with a logical concept of how this com-
ponent should appear. Figure 6 shows a portion
of the French Broad instantaneous hydrograph

separated into the two components. Scales have

Typical hvdrograph separation.

been left off since what iz of interest is the
relative shape of the two eurves during a typical
rige.

The foregoing discussion discloses a number
of features of the model which, in a forecasting
tool, are distinet advantages. One of the most
important qualities in a forecast model, how-
ever, is the ability to reproduce accurately an
observed hydrograph. In this, the model com-
pares very favorably with all other known
methods of stimulating streamflow. Figures 7-10
show one year of discharge record for each of
the test basins with both observed and simulated
discharge plotied. Here, as in the evaluation
data which follow, verification is based on mean
daily vahlies of both observed discharge and
model output.

Visual examimation of plotted hydrographs is
a highly reliable method of evaluating the ac-
curacy of model output, although it is almost
completely subjective. Consequently an attempt
was made fo compute some meaningful statis-
tical summaries. Unfortunately, there is no
single statistical test or group of tests which is
truly comprehensive, Nor are thers any stan-
dards with which stafistical results might be
compared. The two tests described below are
thought to be informative, but no rigid inter-
prefation of the results can be made.
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FRENCH BROAD RIVER AT ROSMAN, N.C. OCT.1954 TO MARCH 1955
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Fig. 7. Sample hydrograph simulation, French Broad River.
FRENCH BROAD RIVER ATROSMAN, N.C. APRILTO SEPT. 1955
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Fig. 8 Sample hydrograph simulation, Freneh Broad River.
MONOCACY RIVER NEAR FREDERICK, MD. 0C1.1952 TO MARCH 1953
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Fig. 9.

Sample hydrograph simulation, Monocacy River.
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MONOCACY RIVER NEAR FREDERICK, MD.
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Fig. 10.

The first fest involves computation of the
error in the ecomputed mean daily discharge
figure for each day in the period of study. The
summary of the errors is presented in Figure 11
in the form of a frequency distribution graph.
This is a plotting of error as abscissag againgst
the percent of events having less than that
error as ordinates.

The second test is designed to simulate actual
forecast conditions. The change in discharge
from a given date to some date in the future is
compared with the change forecast by the
model. The difference is the error. It is expresse
both in efs and 1 percent of the true discharge.

All discharge figures are mean daily, The error
is computed for periods of 24, 48, and 72 hours.
The following example illustrates the method:

100~

Sample hydrograph simulation, Monocacy River.

Date Observed discharge Model Output
10 50 59
11 46 49
12 72 70
13 78 83
14 67 65

To simulate forecs made on the tenth for
24,48, and 72 hour periods, the model forecasts
changes of —10 cfs, 411 efs, and +24 efs. The

erved changes are —4 efg, 22 efy, and
+28 efs, resulting in errors of —6 efs, —11 efs,
and -4 efs. Fxpressing these errors as per-
centages of the observed discharge at the end of
each forecast period results in —13%, 159,
and —59 . In actual forecasting as opposed to
continuous modeling, the discharge at the begin-
ning of the forecast period would be known and
the model output adjusted o agree with 1t. The

m
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Frequeney distribution of errors in model output.
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forecasts therefore would be mn error by pre-

cisely the amounts shown. Starting on the
eleventh, the errors are —5 efs, +2 efs, and

-5 efs, or —7%, +3%, and —T7%.

Computations of the type described have been
made for every day in the period of record for
both basins., A summary of the results is pre-
sented in Tables 1 and 2, Figure 12 is a fre-
quency distribution plot similar to that of
Figure 11 but based on the errors in the 24-hour
forecast. The graph is restricted to one forecast
period in the interest of clarity. Since basing of
the size used i the study reach their erests
about one day after the beginning of direct
runoff, the most important portion of the hydro-
graph is the first day following the forecast or
a revision to it. Consequently, the 24-hour fore-
cast figures are the most meaningful of the three
computed.

Twenty vears of streamflow data were simu-
lated in the study, nine in one basin and eleven
mn the other. At seleeted times, the model ontput
was adjusted to ‘tie’ it to obszerved streamflow.
This was done experimentally, and the effect of
such a ‘“tie-in’ was found fo extend for varying
periads info the future, depending on circum-

TABLE 1.
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stances. The results presented above were ob-
tained by starting with the observed discharge
on the first day of the period of record and then
running for nine or eleven years with no tie-ins
and no input other than precipitation. Inter-
estingly, there was no tendency toward long
term divergence from the observed hydrograph.
That 1s, the eleventh year was no better or
worse than the fifth or the first, and the quality
of each yvear was not significantly different from
what 1t would have been had there been a tie-n
at the heginning of that year. Although it is the
nature of the computation to impose upper and
lower limits on the output, it was still somewhat
surprising to gee it faithiully following not only
storm peaks but also the long term variation in
base flow after ten vears of ‘free wheeling.’

SUMMARY

A hydrologic model has been devised that
simulates basin response on a eontinuous basis.
The model consists of four basie parts: a ground-
water recession coefficient relation; a relation
for computing 7, which 1s a coeflicient in a
formula expressing ground-water flow as a func-

French Broad River at Rosman, North Carolina. Statistical Summary of Errors in Forecast of

Change in Discharge {errors expressed in cfs}

Class Interval Standard Error Average Error Bias
Range No.of  Percent
{efs) Events of Total 24-hr. 48%hr. 72-hr. 24-hr. 48-hr. 72-he. 24-hree 48-hr. 72-hr.
0-40 42 1 1 I 2 0 1 1 0 0 0
41-80 444 11 6 12 14 3 5 6 0 -1 ~1
81-160 1313 33 18 25 29 s 12 14 -1 -2 -3
161-320 1560 349 34 47 51 16 24 27 -1 -1 -1
321-640 550 14 69 59 90 42 57 60 -3 +13 +13
above 640 106 2 221 207 235 153 143 158 -+30 0 418
Errors Expressed in Percent of Observed Discharge at End of Forecast Period
Class Interval Standard Error Average Tirror Bias
Range No.of  Percent
(efs) Fvents  of Total 24-hr. 48-hr. 72-hr. 24-hr. 48-hr. 72-hr. 24-hr. 48-hr. 72-hr.
0-40 42 1 3 4 7 2 3 5 0 0 -1
41-80 444 11 10 17 20 4 8 10 0 -2 -2
81-160 1313 33 15 21 25 7 10 11 —1 -2 -2
161320 1560 39 14 19 20 7 10 11 0 0 0
321-640 550 14 15 19 20 9 13 14 0 +2 +2
above 640 106 2 22 19 24 16 14 16 +5 +2 43
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TABLE 2.

Monoeacy River near Frederick, Maryland. Stati
Change in Discharge (errors expre

STUTNER, SCHAUSS, AND MONRO

al Summary of Erors in Forecasi of
d in cfs)

Class Interval Standard Error Average Error Bias
Range No. of  Percent
{efs) Events  of Total 24-hr. 48-hr. 72-hr. 24-hr. 48&hr. 72-hr. 24-hr. 48hr.  72-hr.
0-100 113 3 24 46 34 8 17 18 P -1 0
101-200 766 23 59 87 163 25 39 58 I -2 —12
201400 812 25 126 220 208 61 105 111 0 —6 +8
401-800 685 21 322 390 441 151 206 228 3 L
8011600 510 16 420 711 944 242 390 401 —64
16013200 265 8 0986 1392 1319 639 880 905 473
3201-6400 97 3 2321 2695 2761 1791 2010 2102
above 6400 36 1 2926 3199 3674 2320 2524 2839 425

Errors Expressed in Percent of Observed Discharge at Find of Forecast Period

Class Interval Standard Error Average Error Bias
Range No. of  Percent

(efs) Events  of Total  24-hr. 48-hr. 72-hr.  24-hr. 48-hr. 72-hr. 24-hr. 48-hir.  72-hr.
0-100 113 3 26 50 38 10 19 21 +3 0 0
101-200 766 23 37 53 96 16 25 37 0 w1 -3
201-400 812 25 44 76 72 21 36 39 [4] —2 +2
401-800 685 21 55 66 74 26 35 39 0 +2 +3
801-1600 510 16 35 59 78 21 34 42 -0y -3 -1
16013200 265 8 44 66 61 29 40 41 41 +10 +10
3201-6400 97 3 57 65 67 42 47 50 ~+4 +2 0
above 6400 36 1 32 34 38 26 28 30 -1 -1 —17

tion of direct runoff digcharge; a rainfall-runoff
relation: and a unit hvdrograph.

The coeflicient Z referred to above enables the
ground-water component of channel flow to be
computed as a funetion of the direct runoff
hydrograph, using a linear routing procedure
that simulates the natural lag characteristies of
ground-water movement. During periods of
pure ground water, the computation vields a
recession eurve mathematically identical to the
ground-water recession.

The antecedent precipitation mndex (API)
type rainfall-runoff relation as used by the U. 8.
Weather Bureau in operational river forecasting
has been modified to operate on an ineremental
basis. A retention index R/ has been added to
reflect, the degree of saturation of interception
and depression storage. It decays rapidly in
comparison to the antecedent precipitation
index.

A unique method for unit hydrograph optimi-
zation wag used in the study. Using the model
itself as a tool, the eomputation of hundreds of

stormsg on a contimuous basis provided the data
for evaluation of the trial unit hydrographs.

The model generaies two flow components,
ground-water flow and direct runoff discharge,
and uses only precipitation as an input param-
eter. Standard tyvpes of forecast procedure are
used for a portion of the analysis. Although the
model was devised for the purpese of compar-
ing this procedure with conceptual models, it
appears that it may be a practical forecasting
tool itself. Other applications are likely.

The model is completely digital and all com-
putations can be performed by machine.

APPENDIX

U. 8. Weather Bureau river forecast centers
have for a number of years been using electronic
computing equipment for solving API type
rainfall-runoff relations, and a number of digi-
tizing approaches have been devised. The for-
mulag presented below comprise the method
which was used in this study.

To formulate the season quadrant, the two
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boundary curves are defined by polynomials 1

and 2, there being differing degree expressions

for the segments above and below unity API.
If the API is equal fo or less than unity

AX =1 — API
AMX = SA, + SA(AX) + SA4,(4X)°
AMN = SB, + SB,{AX) + S8B,{AX)

(A1)

If API is greater than unity

AX 6 ~— APJ,

but is equated to zero if negative.

AMX = 8C, + SCAX) + SC,{AX)
+ SC(AX) + SC.(AX)*
AMN = SD, + SDJ(AX) + SDy(AXY

+ SD(AX) + SD,{AX)
(A2)

AMX and AMN are the maximum and mini-
mum Al values that may result from a particu-
lar value of API,

A twelve ordinate harmonie equation 3 is then
used to express the actual A7 as a function of
the computed honndary vahies and the date of
the event,.

SE = SG, cos (WK) + 8G, cos (2WEK)
+ SG; cos (3WK) + SG, cos (4WK)
+ SG5 cos (BWEK) + SG4 cos (BWK)
SF = SH, sin {WK) + 8H, sin (2WK)
+ SH, sin (3WK) + SH, sin (4WK)
+ SH, sin (5WK)
SI = ST+ SE + SF (A3)

WK is the week number divided by (52/2x)
and iz defined by equation 4 below.

WK = 0.0172(30.36(M — 1) + D]  (A4)

M and D are the month and day corresponding
to the event. The adjustment (52/27) causes
the parameter S/ above to exhibit exactly one
cyele ag the week number varies from 1 to 52
and expresses the position of the particular
week curve between the two boundary curves.

Al s computed using equation 5 helow

Al = AMN + SI(AMX — AMN) (A5)
The season quadrant is therefore represented by
28 basin constants. They are: S4, — SA4,,
SBy — 8B, 8C, — S8C;, 8D, — SDy, 8G, — S,
SH, — SHy, and SJ.

The R1 quadrant, as noted in the text,

I8 ex-
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Fig. 12, Frequeney distribution of errors in forecast of 24-hour change in discharge.
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pressed by equation 6

FI = AIIRAY® (AB)

mvolving one basin constant RA.

In the precipitation quadranf, two inter-
mediate parameters PF and PG are expressed
(7) as functionz of the FI and five basin con-
stants PA, PB, PC, PD, and PE.

PF = PA + PB(FI)
PG = PC + PD(FN""

(AT)

SITPNER, SCHAUSS, AND MONRO

The ineremental runoff RO is then given in

terms of the ineremental precipitation P by
formula 8.

RO = [P"F ++ PG""|*" — pg (AS)
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