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1.0 INTRODUCTION AND BACKGROUND

Hydrologists and water resource planners are continually
faced with developing two types of information concerning .
wafersﬁeds: 1) Management information'which deals with the
response 6f the watershed to specific individual event(s),
and 2) Plénniné information necessary to define the expected
response of the watershed to stgtistically récurring peak
events. Management information is required for the real-time
optimlzation of supply'veréus demand; planning information is

needed for the optimal siziné of waterworks,

Typical - planning events treated by water resources agenciles
Include: -probaﬁility of recurrence of peak flow rates (flood
flows), in order to size spillways and determine .floodways;
recurrence-duration of the high flow event (volume of water),
in order to determine storage required to prevent flooding;_
recurrence-duration of the low flow event to maintain depend-
able basin yiéld; and other water~related_characteristics such

as sediment y;e}d and water quality.

Due to the pressures of urbanization, one of the most 1mpdrtant
of the planning events above as regards both manpower employed
and value resulting from optimal operations, is the prediction

of the peak flow event -~ flood frequency.



Not all.of the watershed physical characteristics are
equally important in determining the recurrence and magnlitude
of peak flow events, ‘It is thus fruitful to investigate in
detail the following eleﬁents:
.l; Hhich of the watershed physical parameters are the
most significant contributors to flood events;
2. What afe the errors in prediction committed by
neglecting the less important parameters;
-3. What are the errors induced by imperfect knowiedgei
of the principal parameters (sensitivity);
and
i, ‘wa do the important "driver" parameters vary aé a
function of reglonal conditlons. Understanding and
- reduetion to engineering practice of this last item
would yield the important result of being able to
specify the functional form, and hopefully the co-
efficients, of a planning model for each regiocn,
following a procedure valid for all regions
{regionaiization).
The principal, conventional flood frequency planning models
employ.either 1) statistical extrapolation, particularly for
~ small-medium watersheds, or 2) digital parametric simulation
modeling for large watersheds having high economic value.
Both of these methods require extensive historical rainfall

and runoff records. Many watersheds do not have the required
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1engtn of records, particularly 1f the watershed is under-
going rapid changes due to urbanization, in this case, in

fact, length of record is of very limited ‘'value.

Anather important question pertaining to planning models

is being asked more and more fregquently by local .users:
specifically, what is the effect upon the hydrologic regime

of planned modifications to .the watershed, such as construction,
deforestation, and reforestation, and how will these changes

:1§ffeot the_size, type and location of waterworks? .

Rapid, repetitive survey techniques are‘required which relate
the physical characteristics of the watershed, particularly
the surface characteristics, to information necessary for

optimal planning of watershed development. If thlS informa—

'V <
P

tion can be practically incorporated into planning models
sensltive to the spatially distributed characteristlcs of the

watershed (e. g..vegetative cover, impermeable/permeable areas,

surface water, drainage pattern, and evapotranspiration po-

"tential) 1t will prove of major interest to.
SO S ti.
° Federal Agencies operating in the Water Resources
.-’ 1 - .- -
field, such as the Corps of Engineers, the U. S

b -

Geological Survey, the USDA—Soil Conservation

Service, the Agricultural Research Service, and the
National Oceanographic and Atmcspheric Administration.
Federal Agencies whose mission is to guide and foster

Water Resources Research such as DOI - Office of



wlpm

‘Water Research and Technology and the Natlonal Sclence
Foundation - Intérnaticnal Hydrologic -Program.

9 The developing nations whereln water resources develop-
ment is a major influence Iin well-being and where in
general the pauclty of records and the lack of a hy-
drologic infrg-structure: place eritical importance
on this effort.

¢ Foreign governmental and extra-governmental agencies
with water resources development orientation, such as
the United'Nations, the FAO, and the International Water

Resources Asscociation.

1.1 State of the Art of Planning Models

The historical evolution of planning models has progressed
along three lines, leading to the formulation of three broad

categories of methods.

1.1.1 Method 1: The Empirical Approach

The earliest to be devised, and perhaps still the most widely
employed, particularly in ungaged areas, are empirical formu-

lations of the general type:

_.4.= AR5 (A)h(W)a(T)
Where: -
" .q = peak flow rate from unit wateréhed area
A = total watershed area

f(A)= functional adjustment for area
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h(W) = functional relationship of watershed physical

characteristics, e.g., slope, vegetative cover

g(T) = recurrence period, years

]

n emplrically derived coefficient

There exist perhaps a hundred models of this type in use in
the U.S5. and the world, particularly in ungaged areés. The
_significant models in general use in the world are presented
in Table 1.*¥ Thelr performances are compared graphically in
Figures 1 and 2. As can be seen, there 13 a variation in the
predicted peak discharge between models of at least one order
of magnitude for the small and medium watersheds, increasing

to two orders of magnitude for the large watersheds.,

This varilation, per se, would not constitute a majof problem
if a upique model could be attributed to each region. In
reality, even within the same geographic area, the model
formilations vary significantly, as shown by Figure 3. An
example of the variabllity of the results of typical empirical
regression models is given in Pigure 4 for a large watershed
in Maryland. There is a significant uncertainty in predictions
for long recurrence periods which are usually related to de-
slgn of c¢ivil structures, Improvement in model accuracies in
this region - and in many similarly developed regions - are

of significant economic value.

¥Source:  Gray, Introduction to Hydrology
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Table I. Principsl Planning Modsls in Current Use
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A = Area{Ka2 or sq. mi)
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1.1,2 Method 2;1 The Statistical Approach

ir @hg;e is é sufficiently long historical‘reéord.availablea
the random.ﬁharécter of the flow peak can be treated as a
stochastic variable. There is an underlylng assumption that
the controlling random process is stationary, e.g., the
character of the event remalns unchanged by long ferm trends
or other effects. Using daily records, various statistical
parameters such as the mean, the variance, the coefficient of
variability, and the skewness-canlbe computed. By assuming a
given probability distribution such as Log Pearson III, Gumbel,
—or 1og;normal, the probability of the recurrence Qf a peak e-
vent equal t5 or greater in magnitude than an arbitrary‘value

can be determined.

There are several fundamental problems involved with the pure-
1y statistical approach. First, there is the obvious require-

ment for exténsi%e records in order to achieve a given level

of confidence. fhig dependence is shown in Figure 5, which

" indicates the sensitivity of the record length in predictiﬁg

the fifty year evenﬁ for a particular pegign in the U.S.

Percent of error due to this cause alone'decreases ffom 4o¥

to 16% as the length of record increases from 2 to 20 years

. at 90% confidence level. This assumes thaﬁ.the watershed has

not changed significantly during the period of record.
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Additionally, there is considerable variation among pre-
dictlons from the principal statistical models in use and
between the model results and actual records. Figure 6 1s
a comparison between the two principal distributions used
in the U.S. and shows the magnitude of the error for two

typilcal watersheds.

In summary, the statistical method is not applicable to un-

gaged watersheds, and is subject to potentlally significant

errors in watersheds undergoing change.

1.1.3 Method 3: Semi-Empirical Macro Models -~ Ratiocnal Approach

A useful and logical extension to these wholly empirical models
is the addition of the raiﬁfall component iT,d' This component
is the average rate of rainfall "i" (m/hr) which is observed

to occur for a duration "d" {(hrs) at a recurrence interval of
et (years). Since a large number of rainfall records are
generally available, it is reasconable to assume that the in-
clusion of rainfall data should reduce the varlance of the
results. Semi-empirical methods are useful, although far

from precise, where the coefficlents relating runoff to rain-
fall are well-known; however, extrapolation of the coefficl-
ents on a regional basis 1s "‘difficult anﬁ the results are

subject to considerable uncertainty.

Rational or semi-empirical models have the general form:’

q = ATMM(T)e(T)n(W)
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Where:
q = flow per unit watershed area
A = total watershed area’
1 = rainfall rate of. a ‘given:duration occurring
at a given recurrence period T
W = watershed parameters, e.g. ‘vegetative cover,

drainage density, slope, etec.

g,h= functiopal relafionships

n,m= empirically derived coeffiéi;nts
One explanation of the reason that available rational-type
planning models yield signlficant errors 1s that in meeting
the desiderata for generality and simplicity they in general
do not explicitly inciude critical driver parameters. HFurther,
the functional relationships between the significant drivers
are not evaluated as regards various flood regimes, e.g.

surface dominant regions, subsurface dominant regions, ete.

It would be possible in theory to utilize a more recent genera-
tion of models, the so-called parametric models, as planning
models by introducing the data pertaining to the desired re-
currence interval. This approach presents three problems:

1. Current parametric models were devised for ggged
watersheds. They thus require a feedback correction
through streamgage data of at least a few, perhaps
five years, duration.

2. Current parametric models aré notloptimally structured,

© for good and valid reasons, to explolit to the fullest

the capabilities of remote sensing.
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3. They are quite.-expensive in terms of computer time
and require.-relatively. large computer facilities,

not_available to most of the "grass roots” users.

It -is these drawbacks which the‘present effort is intended to
allevlate or obviate.‘ Specifically, this effort is directed
toward determining which remote sensing observables are most
Important to the planning of watersheds vis-a-vis peak flow.
Concomitantly, it seeks to 1dentify the regions in which
xsurface parameters dominate the hydrologic processes, in

'order to test the remote sensing model hypotheses.
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2.0 GENERAL APPROACH

With the advent of remote sensing, the hydrologist has avail-
able a practical tool for developing a new data series which
can be input into planning models. In principle, it is now
possi%le to receive.synoptic.and repetitive information about
the #atershéd and t@ devélpp therefrom a sequentilal profile

”?f the veéetative céver, impervious area, potentiai infiltra-
ﬁion and soil humidity-from past potentilal evapotranspiration.
_:ghe new data elements. are potential drivers for planning models:
‘éheir incorporation can be expeéted to reduce the variance of

the error.

The thrust of this effort wag.concentrated in four areas:
1. Determination of driver phenomena.

2. Construction of a‘‘generalized hydrologic planning
model, primarily involving "observables "

v

3. Verification of the model with data from existing
watersheds.

k., Identification of the role of remote sensing.
The relationship of each of these tasks to the others and

their roles in the overall effort are shown in Figure T.

«.
T

The firsé:step in the approach was to attempt to isolatq those
phenomena which "drive" hydrologic planning models. A driver

for é planning model for.peak flow 1s defined as any watershed
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condition or parameter which, when modified, causes a signif-

lcant alteration in the peak runoff. r

The driver concept was used to validate three hypotheses:

1.

2,

‘ é;

Not aI; the physical characteristics of watersheds
contribute significantly to runoff rate or volume.

Therefore, the drivers of peak flow events constlitute

a relatively small group of watershed parameters.

Drivers may be spatially and/or temporally variable,
Muech of the uncer;a%nty of current hydrologic planning
médels is due Fp their inflexibility in accommodating
patpyal:and man-induced variations in watershed

conditions.

“'Efter ascertaining the extent. of influence of each

driver, it is possible to neglect those phenomena
‘whose contributions to the desired end result (peak
flow) are minor, i:e., cause an error smaller than a

preassigned proportion of the total peak flow.

Once the important drivers were identified, their interrelation-

ships were investigated. This portign of the effort proceeded

along two lines. ‘First,-the mathematical relationships among

procesgses and drivers were expiicitiy detérmined, in ordef £0

develop an analytic model. Next, analog computer equivalents

were developed. The analytic model was primarily applied to

the examination of runoff and its correlation to areal rain- °

fall, while the analog representation was used to test the
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sensitivity of hydrologlc processes to changes in various

. basin parameters.

The proposed verification of model results required the
assemblage.of a data base of physical characteristics and
rainfall/ruribff records extending’over'a large number of
exlsting watersheds. ' The advantages ~of -having access to

~. -

. this data base were twofold: -

.

1. - Réal information was available during the formulation

2 of-the-model, to test tﬁe=accurac§ of its results.

;2. -~Since. thé:drivers are'spatially variable, a large

x.:. geographically dispersed sample of basins” facilitated

© eathe ‘determihation of which physical- conditions, and
therefore which hydrologic processes, were dominant
in each--location. - - '-;7:‘?ﬁ"r T

Ultimately, the results of this effort should be applicable

.,,’ N

to the construction of a "modular" model capable of belng

'tailored easily to the area under study._ Referring again to

::‘* -

Figure 7, the 4, B and C versions of the model represent what
‘are expected to .become -unique combifiations, -each inclbding
.the minimum number &f modules to ensure accurate résults.

.'""'- -l : .'_IJ"-E:‘I - ™

To assemble the requlred data base, a geographically repre~
sentative sample of basins was taken from a group of experi—
mental watersheds operated by the Agricultural Research Service

P

(ARS) for the purpose of studying the effects of agricqltural
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practices upon hydrologic processes. _158 watersheds were
selected from 30 locations in the United States, as shown
in Pigure 8. The sample includéd substantially all ARS
basins with area greater than 100 acres (40.5 hectares), -
since benefits from improved peak flowhpredicfion are:sﬁall

in watersheds of lesser area.

Finally, the effort involved the description of the role of
remote sensing as it relates to hydrologic modeling. Particu-
lar emphasis was placed upon identifiication of the areas where
ERTS~type data is of maximum benefit and specification of the

method by which specific parameters may be remotely sensed.
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3.0 INVESTIGATION OF DRIVER PHENOMENA

"

-~

Figure 9 illustrates the mechanism by which rainfail beéomes

e n ema e atte Ta
="t e

+ peak runcff. Thé figure depicts é“ﬁatershed of'érea A, subject
_to rai;.a%}éonstant rate, the runoff from.which%is measured at
'?he watershed outlet. If thé;watershed were impermeable and
the rainfall duration Sufficiently long, the outflow would be-
come constaﬁ?igt;ﬁhe instant when runoff rate began to equal
rainfall rate. Therefore,.the peak outflow rate would equal
thg product of the rain rate times the watershed area. The
time elapsed from the moment the rain starts to the moment at

which this peak occurs is termed the time of concentration of

the watershed.

Assume, however, that the watershed allows a portion of the
water to be abstracted (by infiltration, interception, evapora-
tion, etc.). Then the peak outflow rate will be lower.and may

be determined b&v

eak = (P "i)A |

Where:
_?_? rainfall rate '”OgﬂimﬂﬂiPAGEIS'
I = abstraction rate =, OF POOE" QUM
A=

.watershed area
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In practice, as we shall see, i and é are not as simply
related as the expression above iﬁplies. All that can be
sald at this point 1s that the peak runoff will increase as
rain increases, and decrease as the'abstraction increases,

but not nebessarily in direct proportion to either factor.

Pigure 10 graphically illustrates the principal interrelation-
ships among hydrologic processes. Table 2 supplies a brief
definition of each process, while Table 3 lists the potentially
important drivers for each process. Note thatz"ﬁotentially
important™ is only a qualitative indicator. The purpose of

the discussion which follows is to convert this qualitative

into a gquantitative measure of each driver's importance.

- 3.1 - Precipitation

rd

Since ﬁrecipitation is the source of-the direct runoff, its
properfies are the basic input to any hydrologic model.
Hydrologic planning models are concerned with the statistiﬁal
distribution of peak gvents which are likely to recur within
a specifiéd number of years (the 25+year flood, the 50-year
event, etec.). Therefore, we are concerned here with the
statistical properties‘of Ehe rainfall,-e:g. the rainfall

rate-duration relationship.

The statistical properties of rainfall, of interest to plan-

ning models, are:
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TARLE 2

~ SUMMARY DESCRIPTTONS OF HYDROLOGIC PROCESSES

HYDROLOGIC PROCESS

DESCRIPTION -

Moisture caught and stored on plant leaves ard

Interception stems or other ilmpermeable objects; eventually
evaporated back into the atmosphere.
Tnfiltration Dowrward movement of water from the surface into

the zodl.

4) Interflow

Iateral subsurface water movenent toward stream
chammels,

B) Percolation

Dowrmard movement of water through soil to
groundwater (arez where pores of soll or rock
are filled with water),

C) Base Runoff

Water from inter.f‘low and. percolation which moves
underground to the channel.

Evapotranspiration

A) ZEvaporation

Upward movement of water in gaseous state from
the surface.

B) ‘Transplration

Movement of water thmugh plants to the.
atmospher=, ’

> Precipltation Excess

A) Depression
Storage

Reuention of excess rainlall in suwrface depres-.
slons.

B} Surface Flow

Uninfiltrated water which flows over land
surface to stream chamnels.

C) Chamnel Flow

Flow of water in natural chamels.

Total Runoff

Sum of runoff from undewground processes (base
runoff) and overland flow (direct runoff).
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TABLE 3

POTENTTALLY IMPORTANT DRTVERS AS RELATED T0 HYDROLOGIC PROCESSES

HYDROLOGIC PROCESS

PRINCIPAL DRTVERS

SECONDARY DRLVERS

Overland Flow

¥Slope

¥Roughness of Soil
& Cover

¥Drainage Density &
Pattern

Infiltration

%3011 Permeablility

#ntecedent Soil
Molsture

Scil Moisture Capa-
clty

¥Vegetative Cover
#Slope

Water Turbldity
Tenperature

A) Interflow

¥Soil Permeabllity

Subsurface Molsture
Gradient

¥Flow Length, Slope

B) Percolation

#3011 Permeabllity
Subsurface Molsture
Gradient

Soil Depth
Evapotranspiration
Temperature Waber Turbidity
A} Evaporation #intecedent Soil "Wnd
Moisture

*¥S01l Permeablliby

B) Transplration

Tenperature
#Solar Radiation
*Vegetative Cover
¥Antecedent Soil

Moisture

Wind

Depression Storage &
Detention

¥Depression Densiby
#Cover Retention

#Slope .

Interception

Duration of Rainfall
Intensity of Rain- -
fall

¥Cover Composition,
Age, Density

Evaporation Rate

% Indicates factors which are pobtentially remote sensing observable.
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The magnitude of the peak rain event wvaries with
geographic location, as shown in Figure 11, For
the United States, the range of variation is approx-
imately 3.5:1, if unusually dry areas are excluded,
such as Death Valley, for example.

The rate of the peak rainfall event varies as a
function of the length of the event,-as shown in
Figure 12. The longer the event, the lesser the
rate. However, the mass, i.e. the total amount of
water precipitated, grows with increasing event
duration.

For a given region, the rain recurrence-duration-

intensity relationships follow the empirical

relationship:
a2
1 =0T
N CTEICH
Where:
1 = rain rate, cm/hr.
T = recurrence internal, years
t = rain duration, hrs.
G115, Q@2

@3, d = constants for specific location

The constants can be determined from existing rain-
gage records. . Figure 13 illustrates a typical re-

lationship, related to the curves of Figure 12.
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'FIGURE 12

RAINFALL RATE/ MASS RELATIONSHIP
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TYPICAL DEPENDENGY OF PEAK RAIN EVENT UZON
SURATICY AND RECURRESNCE

DANVILLE, VERMONT EXPERIMENTAL WATERSHEDS
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General Formula : j=

where,
i = rain’ rate, em/hr.
T= recurrence interval,yedqrs

" t=rain duration, hours
%%, %, ¢ = constants for specific location
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4. The intensity of rainfall is not uniform within
the area :aiﬁgd upon. The largef the area; the
greater the reduction in rainfali fate as one

“progresses from.the ﬁoint of highest rate-towards

g

the edges of the area.

Therefore, when considering watersheds of relatively
large extent, a correction faéf&r for rainfall should
be employed, as indicated in Figure 14, ©Note that
the areal distyibution of rain is only imperfectly
kniown, because the experimental data collected up

to now on this phencomenon have been.scant. Thus

Figure 14 should be taken as indicative only.

‘The time scale of interest in the abscissa of the curves of
Figures 12 and 13 can be approximated by computing the con-
centration time from existing formulations. The result is

only approximate, but sufficient to yield a gross éalibration.
The computation, whose detalls are reported in Section 5, is
summarized in Figure 15, from which it can be deduced that the
times of interest for the watershed sizes, shapes and slopes
contained within the 158 ARS test watersheds range from perhaps

10 minutes to upwards of 5 hours.
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FIGURE 14

THE EFFECT OF WATERSHED AF?EA ON
-THE PEAK RAIN RATE
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3.2 Subsurface Processes

3.211 .Subsurface Abstraction

A fraction of the rainfall reaching ground level will penetrate
or infiltrate into the soil. This fraction -~ or at least, the
portion thereof that dpes not evaporate -- eventually becomes
runoff via the subsurface flow mechanism. However, as will be
shown, the runcff from the subsurface component is almost always
consiaerably delayed with respect to the runoff from the suyrface
* component. Thus, except for very special cases, the portion of
rainfall which is abstracted to the subsurface does not con=
tribute tc peak flow events. The fundamental role of the ab-
sfraction is to reduce the magnitude of the peak event. The
cerucial question, as regards hydrologic planning models, is

thus: How much of the peak rainfall is abstracted?

There are three major drivers of subsurface abstraction:
9 Soil permeability

© Soil storage capacity, a combination of porosity and

soil depth

® Antecedent soil moisture

Permeability is conditioned by the degree of resistance to
fluid flow through the soil. It is essentially determined by
soil type and humidity. It is defined as a rate, in terms of

ceﬁtimeters per hour of water absorbed by the soil. For a
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given type of soil, permeability assumes the largest wvalue
when the soil is dry; this 1s known as-the initial pérmea—
.bi;ity;' As the soii‘becomés wet, permeaﬁility decreases,
'until it assumes a steady state value, known as the final
ﬁerﬁeability. Firures 16 a and b give initial and final
perheability or infiltration rates, for the range of soils‘éf

interest to most hydrologic planning models,

Porosity, the percent of total soil volume available for water
storage, does not per se‘affect the abstraction raté‘— alsqb
known as infiltration rate -~ but rather affects the amount of
infiltrated water which may be stored. For a given soil por-
osity, the shallower the soil layer above the impermeabile layer,
the lesser the capability of the soil to store water. When

' thgs layer becomes saturated, infiltration into the soil ceases.
If there are several layers of different porosity and depth,

the one with the least permeability controls the process. If
the soil layer is very deep with respect to‘the t?tal rain-
fal;, ;t can be essen;;ally considered as an infiniéé layer,

In this case, the subsurface abstraction is controlled only

by the soil's permeability. Figure 16 c¢ shows that highly
permégble soils, such as sands and sandy loams, do not retain
water well becaus¢ they have low porosity. Less permeable

soils such as clays, however, have higher rates of water re-

tention, due to high percentages of porosity.
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REPRESENTATIVE PHYSICAL PROPERTIES OF SGILS
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Aveilable moisture caggcity.is the total amount of water which
a given depth of a given type of soil can store. It is a
measure of the maximum amount of water which can £i11 all the
available pore space. Figure 16 & lists the available moisture
capacities for various types of soils. Soéils with low infil-
tration rates and high por051t1es have larger values of avail-
able moisture capacity than do SOllo with high 1nf11tratlon

rates end low porosity.

Antecedent moisture is the amount of water already present in
the soil at -the beginning of a rain event, and has the effect
of reduc1ng avallable moisture capaclty and infiltration rates.
Its net effect upon the peak runoff event is to 1ncrease its
magnitude, the more so the greater the antecedent m01sture
What thieumeens, in effect, is tnat a peak rain event of a
givenurecnrrence does not necessarily gene%ate a peak runoff’
event 6f tneheeee.recurrence: the 50-year flood does not
necessarlly correspond to the 50—year rain. It can, in fact,

be generated by two lesser rains - for example, 20~year ralns -

occurring suff1c1ently close together in time. '_:

In.hydrologic mdnagement models, antecedent s6il moisture is
handled- by -computing the. net difference between the water in~
filtrated into the soil and the water 1ost through- evapotrans-
plration over an 1nterva1 of tlme preceding the event under

study, whlch 1nterval can range upwards of a few months.
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_In hydrologic planning models, the ahtecedent soil moiséare
must be evaluated by using statistical methcds yielding the
probability, in a given régién, of having a certain sequence
~of peak rain events, separated by specified time intervals.
?@i§_investigatiop is resgrved for future phases -of this re-

..search effort.

Factors such as slope, water turbidity, and temperature also
have an effect on subsurface abstraction, but the magnitude
of thelr influence is negligible when compared to the influ-.

ence of permeabllity, porosity and antecedent moisture. v

Fiéure 17 shoﬁs the efféct of soil perﬁeaﬁility upon.gh¥{1~
tration for two "infinite" soils in Prirce George'é'éoﬁnty,
Maryland, derived from af anaiog computer simulation. Fér

a giver ?aiﬁ'eﬁéﬁ%,‘tpé ioﬁrgerhéabilit§‘of ohe of the soils
(LéSﬂardfown silt 1bam) éaaéés.réducé& infiitré%ign and iﬂ—
creased runoff mass; thé.high:pefﬁeaﬁilgéyhof the other soil
(Croom gravel loam) allows & highSr rate of infiltration, and
a conséquéntly lower runoff mass. Therefore, anwaéershed com~
posed of deep Lécnardtown silt loam wduldﬂdiééﬁéfée more run-’
off and have a shorter_time of. concentration (i.e.4 would pro-
duce peak runoff faster) than wouid a similar water§hed made

_qp,gﬁ,Cnoom gravel 19am.

Figure 18 illustrates the imﬁortance‘df soil storége:dapécity

(porosity and depth combination) to infiltration and runoff.
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Here, the finite dgpth of the upper layer of soil lim;ts
total available storage."Whén the upper layer becomes
saturated, there is a sudden drop in the effective infil-
tration (or abstraction) rate because there is no more stérn

age avallable. The water cannot sink as readily into the

soil; cdnsequently, the runoff increases.

+

Figuré 19 demonstrates the effect of antecedent soil moisture
on infiltration and runoff. Initially dry soil accepts water
readily; therefore, time to beginning of runcff is high an@

runoff mass is low. However, when there is a large pe;centage
of molsture already in the soil, less water infilératgs; the

runoff begins earlier in time and mass is larger.

Although a great deal of research has been conducted iﬁ fﬁe
area of subsurface abstraction, no consensus preéently exists'
as to which mathematical formulation best describes the process.
Table 4 lists the most widely applied formulations for the
effective infiltration. These include the effects of perm-
eability, storage capéciﬁy and antecedent soil moisturel Most
of the equations basiéally describe an exponentially decaying
function which finally declines to a finite value equal to

The saturated conductivity of the soil. The Holtan eguation,
graphed in Figure 20 using actual data from the Danville,

Vermont watershed, is iIlustrative.
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Tabls 4 |
Princinal Infilivation Formuiaiions:

Kostiakov
I s k9
where K,a = constanis, empirically determined; no physical significancs

Horion ' 5
T = fpp e oo TIg) ‘10 Uo-Ip) [i-e *]

=1+ (i,- If)e et
where B is dspendent on soil cnd rain characieristics
Creen & Ampt

)—-t=L“ L {85 = w0

whare L = depth to vfceﬁing front

£L. = matric potential of wetting front
K = soil. psrmeability
f = soil perosity

bifp= Kg 1+ (My - S/F)
L= If+ (.it«‘i._ )it
whera fp= infiltration capecily
Ke= saturated conductivity if

Mg=initial mcisture dsficit, vol./vol,
S = capillary suction, ins.

F = cumulativa infiliration
Phillip

L Y

o= at'"% Bt
=zt /2rpg=i
where A, B =empiricaily determined constants=~ no physncui reiaiion
Holtan
| =.62 kSr" ¥+ £

where Sr=available poresity = Sg- Fp
k = vegstative cover constant
fc = final infiltration rate
Fp= cumulative infiltration to time of fc

numerical constants ars empirically determined
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Tadle 4 (eont'd)
Prinsipal Infiitration Formulations:

Holtan; Overton { Huggine & Monk Modification)

I=tf+a [(s-1) Tp]
where A,B =constants characteristic of a given soil & anitecedent condition

8 = storage potential of soil within infillration conirol zone=
total porosity-aniscedent soil moisturs

Tp=total soil porosity
Rithards

d o BK
iz a[K(?r)]/SK' 3'3(

whers o = = Water volume
. water content = Tt soil voloms

K= capiliary conductivity
H= height of water columan; head
X = depth
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FIGURE 20

INFILTRATION RATE vs
TIME FOR DARVILLE, VERMONT WATERSHED

om/hr Initially Dry Soil
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In splte of differences innthe mathematical expressions,
computations:for two of the mosf widely useéd formulas
(ﬁeitan and horton); shown in Fipgure 21, with the same
initial and final conditions, indicate that the differences
in the results are relatively small. A lesser-used for-
mulation, that of Green and Anmpt, yielde a different=end
infiltration when normalized to the same initial conditions
as the other twe formulations. Conversely, the Green and
Ampt formula yields different initial conditions when nor-

malized to the same end-conditions.

1
'Approximately.similar overall results can be obtained by

decidling, case by case, whether it is more representative
to favor initial or terminal conditions. For short rains,

for example, initial conditions control,

The Holtan formulation was tentatively and temporarily
selected for use in the model on the basis of its suit-

abllity to remote sensing:

I =a- GI -(Sa - I)l'u# If
Where:
i = infiltration rate
a = average vegetative cover factor
GI = growth index

Sa = average available soil moisture capacity

I = cumulative subsurface abstraction

He
by
]

final infiltration rate equal to saturated

conductivitv
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FIGURE 21 INFILTRATION FORMULATIONS
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There are two advantages in using Holtan's equation:

1. It includes several of the physical factors Wthh

affect inflltration surface typa (deternlned by
g amy ,;-'3‘ 2y ¢

"Vegetative cover), permeabllity (included in the

If term), and available soll moisture capacity.

2. All of the factors included can be determiﬁg&lér
at least inferred from surface observations, with
Z and GI being directly measurable. Values of a -
can be determined by identification of the existing
cover and GI values in a range of 0 - 1.0 represent
the maturity of the agricultural cover or croﬁé
present, with a value of 1.0 equalling maturity.
Storage capacity and finsl infiltration rate are
both inferrable from soil type and soil,ﬁéisture.
In conclusion, infiltration raﬁes, giy@n eariier in Fig-
ure 16, vary from as low as 0.13 c¢m/hr to as hieh as 25
cm/hr, rain rates vary within the same ranpe. Thus ef-
fective infiltration rates are a substantial peréeﬂ%aéé

of total rainfall rates. Infiltration 1s, therefore, a

eritical driver in any hydrologic planning model.

3.2.2 Percolation and Interflow

The remaining subsurface processes are percolation and
interflow. Percolatlon is the process by which infiltrated
water drains deep into the soil to eventually become ground-

water, Interflow is the process by which infiltrated
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water flows laterally, eventually becoming surface runoff.
To have signlificant impacf upon hydrologic planning mod-
els, percolation and interflow ﬁust be of sufficient mag-
nitude to significantly alter the runoff mass. Also, the
water involved must reach the watershed outflow point in

time to contribute to the runoff peak.

In-real watersheds, with poésibly rare exceptiohs, neither
of}ﬁﬁe above .requirements is met. Rates of peréblation'
and interflow are low to negligible compared to those of-
overland flow, as computed in Table 5 @nd summarized in
Filgure 22, This difference in spegds_is due partly to

" the fact that during a peak flow gvent, th;”pressure of -
water‘fiowing in the channel is opposed to the flow.of

subsurface water, thus retarding the inclusion of sub-

surface water in the outflow volume.

3.3 ~Evapotranspiration

Evapétrénspiration combines two processes:

% Evaporation - the loss of water to the atmosphere.

O Transpiration - the process by which water is drawn

out of the soil and transpired by vegetation.

Evapotraﬁspiration can account for direct 1@sses 6£ pre-—
cipitation and for losses of stored, infiltrated, and in-

tercepteﬁ water.
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TABLE &
AVERAGE INTERFLOW RATES
Avg. Interflow = f‘ais;s fgfin/hr'

Region P iwm Q in/m i'% T?"—{'Vhr. Tr;fcm/hrmg:: Shr 925;_;:::5%.-
A 34,7 17.2 50 o002 | .008 0B% 1.0%
B 35.9 s | .68 003 | .007 06% 1.2%
c 362 8.2 78 | 003 | 008 | 05% | 14%
D 375 | 90 76 003 | .cos 05% 1%
E 498 14.5 7 004 | 00 06% 1.0%
F 486 88 82 005 | 012 08% 1L7%
G 29.1 5.1 82 003 | .c07 06% |.4%
H .4 - | 086 95 001 | .003 03% 08%
| 255 3.7 85 €02 |.008 |..04% 1.2%

' 268 1.6 24 003 | .oo7 04% 1.0%
K 209 49 83 003 | .07 | 04% | 09%
L 19.8 042 08 002 | 008 | -03% 0.8%
M 10.4 0.40 96 | ool | .08 | .04% 0.9%
N 1.1 0.50 5 .00 005 | .03% 0.8%
0 177 | 28 84 | 002 | coa | 08% | 17%
P 169 36 79 002 004 | 09% 1.8%
Q no P or @ recerds ' 1 .05% L17%

v .02% .34%

A,B,C..... = Watershed Location
P = Avg. Annual Rainfall

Q= Avg. Annudl Runoff
i ® Avg. Interflow rate
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FIGURE 22
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The?e ere five major drivers of evapotranspiration:
‘o Te@;erature
:6fSo£ar“Radiation
6 Anteceqent-SoiI Moisture
© Soii‘Permeability

fo'Vegétative Cover

Temperature and solar radiation:are related since they

both function in determining amount of heat present intthe
air. VWhen the air temperature is high, evapotranspiratten
rate is also high since avallable moisture evaborates N
quickly. When the air is %051 water evaporates more slewly

and evapotranspilration ratg 1s low.

Evapotranspiration is also affected by antecedent soil

moisture, since the process can continue only g§ iong ‘as
moisture is present in theisoil or on the surface. Once
this moisture is depleted, evapotranspiration must nec-

essarlily cease, even 1f other drivers are present.

Soil permeability determineszthe rate3et,%hich water can
move upward through the 5011, Just as 1t_1nfluences the

rate of infiltration. Soll per neabllit;; which is deter—
mined by soil type, and rate of evapotransplratlon are less
for clay soils which resist movement of water thrdugh the
s01l than for sandy soils which have low resistance to fluid
mo vement . W
ORIGINAL PAGE IS
OF POOR QUALITY..
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Vegétaﬁié%’coéef is importart because plants transpire

aifférently.l'ln an area where there are not plants, evap-
‘otranspiration involves evaporation only and its rate will
be determined solely by ‘the rate of evaporation. Hoﬁever,
in an area where vegetative cover is heavy, rate of trans—

mpiratioﬁ must also be considered.

Other factors alse influence evapotranspiraticn. Wind,-
for example, functions iﬁ.femoving'hoist air from above
vegefation and water turbidity or muddiness slows down the
rate of evapotranspiration. However, the influencé of
these factors is quite small compared to the effect of
temperature, solar radiation, antecedent soil moisfure,

soll permeability, ‘and vegetative cover.

To ascertaln the importance of evapotranspiration relative
to qﬁhe; parameters, average rates were calculated from

the ARS .test watershed data, using.the Thornewalte egua-

tion:
Avg. ET = .022 (103)
" Wheret
:AVg;.ET = dverage evapo%ranspiration %aféz éﬁ/ﬁr.
t = mean monthlj:ﬁemperature,ioé T "

TE = Z (t/S)1 5Tk pon amﬂlnmmmh

p
!

000000675(TE)3 CL00007TL(TE)E + .01792(TE)
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Results are presented in. Table 6. The maximum practical
value is approximately 0.4 cm/day. When compared to raln-
fall and infiltration rates, this indicates that evapotrans-
piration oceurring during peak events is unimportant to hy-

drologic planning models.

However, evapotranspiration preceding peak events is impor-
taqt, because 1ts effect 1s that of depleting antecedent
meoisture, thus increasing the subsurface abstraction. For
éxample, in regions where rate of evapotranspiration is
high and the rainless period of long.duration, antecedent
molsture will be greatly reduced.. For example, at an av-
erage rate of 0.4 cm/day, an area which experiences two
sterms spaced 8 days apart will lose 3.2 cm in upper soil
layer water content between storms, significantly increasing
storage capacity in the soil. Therefore, although evap-’
oﬁranspiration is minimal in its influencé upon runoff, it

is iﬁportant in its effect upon soil moisture content.

This importance is a funetion of the available storage cap-
aeity. In shallow soils, fég.example, or in deeper soils
with low porosity, the subsurface abstraction is a smal-
ler.fraction of the precipitation than for deep, porous
soils., Hence, for the former type of soils, the antecedent
moisture plays a relatively minor role. As.we shall see,
1t 1s exactly these soils which are the most amenable to

the construction of hydrologic planning models based upon
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AVERAGE EVAPODTRANSPIRATION
RATE FOR THE TEST

WATERSHED
AREAS
e Il e b g A

A 1.25 8.5 332 0.00%
8 168 | .56 5.49 - 0.008

¢ 1,72 | 18.03 5.65 0.008
D 221 | i18.74 7.04 0.010
E 251 | 2i.1¢ 7.65 o.olt |
F 142 | 11.33 407 0.008
G .38 | i0-00 3.81 0.005

H .87 | 13.25 4.55 0.008
: 231 | 20.i18 7.24 0.010
J 251 | 21.12 7.88 0.011

K 320 | 2437 10.25 0.014
L 144 | 12.78 4,75 0.007
M 221 | 19.73 7.03 0.010
N 148 | 187! 8.06 0.007
0 117 | 10.00 429 0.008

P 243 | 2066 7.40 0.010

# Thornwaite temperature officlency correction
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remote sensing techniques.

3.4 Interception

Interception is the process by which rainfall is prevented
from reaching the ground to becomé runoff ;} infiltration.

It is dependent upon duration and intensity of rainfall,
upon the species, composition, age and density of—végetation,
and upon the season of the year and the geog raphy of the

region.

Two factoré limit the importance of interception to the
hydrologic modeling of peak flow'évents. First, intercep-
tion stores only small quantitieé of water. For examéle,
in & basin completely covered by deciduocus forest, and
thus of highest interception capaci%y, interception will
claiﬁ about 0.35 centimeters of a 3.5 centimeter rain.
Thus, in prgctical cases but 1little of a peak réin.ﬁill

be subject to Interception storage.- - Second, the time ber—
iod required to fill interceptioﬁ storage is nééligible.
During a lih’cantimetér pér:hour rain, for example, only
gpproximateiy 15 minutes are required to saturate Inter-~
ception capacity. Rain inten51ties of 1nterest to plan-
ning models are generally on the order of three to five

Times greater; saturation times will be proportionately

smaller.
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Depression Storage

p

Depression storage is similar.to interception; 1t is the
process by which water is retained at the surface by reces-
ses, or shallow small pools, in the soil, It is determined

primarily by depression density and retention of cover.

Like interception, deﬁression storage-is.not'a continuing
process; it ceases when a fixed capacity ié reached. . Typ-
ical saturation capacities are 0.5, 0.375, and 0.25 cen-
timeters for sand, loam, and clay soils, respectively.

In the Washington, D.C. area, for example, only approx-
imately 4% of the 50-year l-hour rain would be stored by

depression storage.

Depression storage is thus of minor importance to the mod-

eling of peak flow eveﬂﬁgz

-

3.6 Overland Flow

- Durding a peak eveﬁt, the rate at which the excess rainfall

over and above %he subsurface abstraction contributes‘to
stfééﬁf%éﬁ_is determined by the o%erland flow process. The
prd;eéé 1s shown schematically in Flgure 23. The exXcess
rainfall, i.e. the‘rainfall less the subsurfacelabétracéibﬁ,
flows over the surface until it encounters a . natural chan-
nel. It is then conveyed from the higher-order channels

into successive lower-—order streams. In the channel, the
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FIGURE 23 _
PRINCIPAL. OVERLAND FLOW PARAMETERS
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water generally. speeds -up since it travels faster in the
channels than over “Che surface, it-would.be expected that
the time of concentr&tion, i.e. the time required for the
water to travel from the upnernost reach of tne'watershed
to its outlet would be shorter the more the number of
channels per unit area of the Watershed The total length
of the channels divided by the area of the watershed is
known as the drainage density. It has been indlcated in
thejifterature and demonstrated in this progect that

the dralnage density plays an 1mportant role in deter—

mining the magnitude of the peak_flow event.

(-
The rate of overland flow is governed by the following:
O Watershed slope
O Watershed cover

.0 Drainage density

. © Channel pattern

The|ground slope determines the magnitude of the grav-.
-itetional force which induces flow of the water.‘ The type
and density of ground cover determines the frictdonal force
obposing flow. Hence the combinatioh o6f slope-and cover

is a determinant of flow velocity. The'dreinage“density
defines the average distance over which water must travel
before reaching the stream. - The chammel oattern~eetablishes

' the speed with which water 1s carried away by the chana®l
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network. In comblnation with surface flow velocity, this

defines the time of concentration.

In the literature, overland surface flow is generally con-
si@ered to be sheet flow. The reason alleged is that the
depth of flow is small, compared to its width, implying
that viscous fluld forces predominate over those ﬁfoduced
by‘ineftia. Further, overland flow is often considered
to be uniform; that is, no change in magnitude or direc=-
tion takes place over the flow 1ength In this project,
the assumption of sheet or lamlnar flow was retalned as

a preliminary working hypothesis, to be analyzed further
for correctness if warranted by significant discrepancies

between results and predictions from the model,

Overland surface flow can be quantified by assuming the
land surface to be approximated by a wide channel. Since
chénnel sides have minimal effect upon velocity when the
channel width exceeds ten times the depth of flow, the hy-
draulie radius for overland surface fiow becomes essentially

the depth of flow.

Overland surface flow eventually reaches a channel; thence
i1t 1s discharged into a sequence of .ever-larger streams,
és,it proceeds towards the watershed outlet. The cross
sectional geometry of natural channels is a major deter-

minant of flow rate within the channel.. Figure 24 graph-



FIGURE 24 COMPARISON OF FLOW OF CHANNELS

OF DIFFERENT CROSS SECTIONS, ASSUMING
SAME AREA AND TOP WIDTH
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ically demonstrates its effect upon channel flow. As the
width to depth ratio increases, the exact channel geomelry
-becomés less lmportant: the hydraulic radius can more and

more be approximated by the depth of flow.

-

The particular cross sectional shapé that evolves naturally
in a stream is that which best balances the transmission
of water and the structural stability of the banks. fn
channels with firm banks, for example, the shape most éf-
ficient‘to flow is parabéiic. However, the cross sections,
of Qatural streams are nét generally parabolic in sﬁépe}
but-%ppear to be trapezoidal, at'least in the stream's
straight‘sections. Empifical evidence has shown thét chan-
nelélin the dry western éfates are usually wider and more

shallow than those in numid areas.

The:éhape taken by channels is determined by the peég'ev—
enté;of a stream rather than by its average fiow§, po S~
sibé} because duriﬁg peak events, the forces écting ﬁpoh
stream beds and banks are The highest. Typicgliﬁ, ﬁ;s.'
rivers carry less than ﬁﬁeir mean flow 60-75%_0f\the time,

¢ ®

and lessithan half.of the meanéflow-about 25%;pf'the:ti;e.'
Average annual discharge?fiils‘;he channel tononly a;pro;—
imately 1/3 of its bankfull depth. Bankfull discharge oc-
curs about once every 1.5 years; a flood plain is inundated
to approximately 1.8 times the bankfull depth of the chan-

nel once in fifty years.
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The channel cross section'chénges;as a funétion‘of its
position along the stream axis. Progressfng in the down-
stream'direction,_for example,'ﬁischarge'increases, causing
stream geometry to alter. The chaﬁnel'% top width in-
creases approximately as the sqguare root of discharge. Al-
so,‘becauée of higher flows, bed roughness tends to dim-
inish. The trépezoidal shape becomes progressively more

rectangular, since stream width increases faster than depth.

The Manning eqﬁation provides a pgcod deseription of the
relationship between the hydraullc parameters, roughnéés
and mean channel velocity:

2/
Veloecity (v) = % R 331/2

m/sec
Where:
R = hydraulic radius, n
S = slope, m4m§=‘

n = Manning's roughness coefficient, mfl/a\sec

The hydraulic radius, defined as the cross sectional area
ofaflow divided by the wetted perimeter, varies with chan-
neg Eeometry, as shown in Table 7. In natural channels,
thé variations are usually small. Since the top width is
tygically of the order of, or greater than; 10 times the
depﬁh, the hydraulic radius for all common éross séctions
maﬁ.be approximated by the depth of flow without.signif-

icant loss of accuracy.
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Thus, Manning's equation, for both overland surface flow

and wide .channels, becomes:
' I 2/3al/2"
Velocity (v) =.14d 735t/
- -

Where:

=3
1]

depth of flow, m

. m '
N

slope, ﬁ/m

B e
]

Manning's roughness coefficient, m1/3 sec.

Thg corresponding equation for the flow is:
‘Flow (Q) = Av
ms/sec

Where:

A = cross sectional area of flow, mz.

Manning's roughness coefficient (n) is a measure of the
frictional resistance of the surface tq.flow, due—to the
ﬁafefshéd'éﬂsurficial charéctefistics: Tﬁe roughness coef-
ficient is a combination of the efféé;s-of various‘surface
_factors. The value' of n for channel flow Is.influenced by

the following factors:
- © Roughness .

O: Presence .of vegetation

o

Irregularities

O Channel alignment

o

Silting'and scouring
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v 0. Obstrictions |
Stape and discharge

O Seasonal change

Suspended material and bed load

Similar effects are present in overland flow, although the
magnitude and importance of each differs. Surface roughness,
vegetation and seasonal change, for example, are much more
important to overland flow than they are Eo'channel flow,
while silting and scouring, stage and discharge, suspended

material and bed load are more important to channel flow.

Manning's n then can be written as:
< . .

n= nm(ni)
7 = the effective Mannlng s n .
Ny = ontribution of roughness facfore:fo-o
- S et e

meander factor
vr o - ¥ i R

Typical. values of: the ng and m are given by Vente Chow,

Handbook of Hydrology, and are reproduced in Table: 8.

For cxample, n for a gradually varying coarse'gr%rE1:chan-
nel with minor irregularities, negligible obstriictions,

high vegetation, and minor. meandering would-be:

7 o= (0.028 + .005 + .000 + .0373 1 ' i

0- 07 i i.::‘T"'“-Z- .

Typically, n can range from 0.03 to 0.29.
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Tabla 8
Channel conditions Values
—— T o026
Matsrial Rock cut 0.025
Involved - Fins crowl "N o023
e Coarse gravol . 0.028
- Smosih 0.650
Degres of e 008
hrregularity | ierate ™ [T60I0
__| Savere G020
Varigtions of | Srocusl C.000
Chal_mai cross | Alternating cccasionaily  fmp 0.005
| section | Alserrating frequsmiy 10010-0.048
. HMealigible G.000
E?;ﬂms , [mmor _ . [0010= 0015
Ob:g ° Aorreoiablo 3 10.020~0.030
CHONS - "Severs 10,040~ 0.020
. Loy 0.005-0.010
Vegetation - . -
.__;Q U Lekegom L . - [0.010-0.625 "
High 4 10.025-0.080
Vary high 0.050~0.100
Dagree, of &inor ‘ LOOO
Moandaring | Arpresiable my) 1150
Slew e S Savers 1,300

VALUES FOR THE COMPUTATION
OF THE:- ROUGKHNESS COEFFICIENT

ECOSYSTEMS
INTERNATIONAL INC.
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Typical wvalues of n for different overliand surfaces are
given in Table 9. It is clear from these figures that
land cover is significant in determining runoff. Differ-
ences in surface rougﬁness can cause overland flow vel-
ocity to vary up to approximately elght times its min-

imum value.

Routing the runoff mass to the basin outlet involves con-

!
sideration of both overland and channel flow., The 4if-
ference between the two types of flow determines the amount

of water stored on the surface or built up on the chan-

nel, and, therefore, the depth of flow and its rate.

3.7 Important Processes and Drivers for Hydrologic Plannling

Models

Figure 25 summarizes graphically the relative magnitudes
of the principal hydrologic processes. The ranges of val-
ues shown in Figure 25 represent the ranges encountered

in the 158 ARS test watersheds.

It 1s clear that the primary hydrologic processes which
dominate peak flow events, and whose representation, there-
fore, must be included in a generalized watershed planning
model, are rainfall, infiltration or subsurface abstrac-
tion, and overland flow. Secondarily, according to the
region under consideration, the statistical behavior of

antecedent moisture condition as it relates to peak rain-
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Table ©

MANNING'S ROUGHNESS COEFFICIENT FOR OVERLAND
FLOW FOR VARICUS SURPFACE TYPES

Watershed Surfacs Manning’s "N"
Smooth Asphalt 0.013
Concrete { Trowsl Finish} 0.013
Rough Asphalt 0.0I8
Concrete (Unfinished) ' 0017
Smooth Earth { Bare) 0.018
Firm Gravel 0020
Cemented Rubble Masonry . 0.025
Pasturs {Short Grass) 0.020
Pasture ( High Grass) 0035
Cultivated Area (Row Crops) 0035
Cultivated Area ( Field Crops) 0040
Scattered Brush, Heavy Weeds 0045
Light Brush and Trees {Winter) 0050
Light Brush and Trees ( Summer) 0060
Densa Brush ( Winter) 0.070
Dense Brush { Summer) 0.100
Heavy Timber 0.100
idle Land 0.0%0
Grass Land 0.032

ECOSY.
INTERNATION
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FIGURE 25 RATES OF HYDROLOGIC PR
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:fallJeveﬁts'must.be'1nc1uded,

Rainfall is the principal causative factor deflning the
'magnitude of the peak flow, Tts important characteris-
ties are the recurrence statlstics, determined by empir-

‘ical correlation of regional rainfall records.

e

Tatre,

Infiltration -governs the portion_of the rainfall which
. eontributes to the direct runoff. peak. It-péﬁébe evaluated

:-from watershed soll records, abundantly available.

The overland fldﬁ-ﬁrocéee”eno'channel fiow determines

the timing of the peak.. The timing 'in turn.decermines
‘the;rainfall.rate and mass for a.given recurrence fre—

quency, .and hence determines the peak .flow. The overland

flow can be modeled from knowledge of the surface charac-

teristics of the watershed, which are directly amenable

to remote sensing.

S N

:The key_drivers of peak flow, in addition to.rainflall sta-

.i:_:l_.:_stics are: L oo .l o e

1. Secil Permegbility - high permeabilities-mean high
acceptance of water and smaller runoff mass.

‘_é;: Soil Water Capac1ty - a 5011 having a greater water
water capa01ty will retain more réinfall and produce

less'runoff

P

3. Antecedent Soil Moisture - as soil moisture rlses,

the soil becomes saturated, slowing infiltration
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rates, reducing total soil moisture capacity, .and -
increasing the runoff volume . ] -
b, Slope - flow velocity varies directly but non—lin—

et

early with slope

5. Surface Friction - velocity varies inversely (and
Lo~ ._‘ !- .l _? -J..l.

non-linearly) with surface friction.
16" Drdtnage Demnsity.and Pattérn --defines the relative
A¥™ distances that wafer will flow overland and'in the
cHannel; in combination with slope and~surface fric-

tion, defines concentration time.

A first-cut quantification of the sensitivity of the run-
off volume, or.of:hydrologic quantities impacting runoff
‘volume, to variztions in these drivérs -is .presented in

"Table 10.: R M

T

Areas which are dominated by surface processes (i.e., pro-
duce the most surface water per volume of precipitation)
-willl ir ‘general derive the most benefits from hydrologic

planning models., Also, regions which are surface dominated

are the‘best.served by remote sensirg.

w I RS SO A LI H
The influence of temporal varlatlons of watershed par-

- s

ameters - for example, caused by urbanization - well amen-—

o ._‘! E LIV I S ot ie ]

PR

able to remote sensing, s more prominent in surface dom-

inated regions.
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Table-10 Sensitivity of Runoff to the
_Principal Drivers

Driver Practical Range © Computed
: Effect Upon Runoff
Siope 0.0l to°1.0 m/m 10 X'incréase in

Surface Friction

Druinagé Dé'néity )

Antecadent’ Sof S

Moisture |

Soil Water
Capacity

e L PO
PR i

Soil Permeability -

0.0l to !0 m;'/ 2]

[ P
N P

3

17100 to 1710660
" mim2

flow rate {Manning)

10 Lx':decr:aqse. -in
flow rate-{ Manning)-

Up to "c‘:p:brox IOx

* s.f=dacrease in flow

... | velocity

Otol00% of -~ -~

. avoilable capacity

" 01t0'60% of

upper <oil layer
volu_me

1 0.0025.10:25 m/m:

Up to’2x decreass

in runoff volums

“Up to” 2x dereass’

in runoff volume - - |

Up to i0Ox dscrease
in rate of precipita-
tion excess puildup

E T
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Daﬁéfaéauired from tﬁe 158 test watefsheds, a summary of
which 1s contained in the Appendix, provides the basis
for partitioning the United States into areas possessing
eit;er surface-dominated or subsurface-dominated hydro-
loglc regimes. From rainfall and runoff data, average
annual precipitation (P) and average annual discﬁarge )]
were calculated for all test basins over the perio@qu
record. Q divided byﬁ? yields a first-cut measure of the
propensity of a watershed to discharge. Figure 26 gives
&/P numbers for the regions in which the test watershegs
are located. On the basis of these calculations, an iﬁ—
itial partition of the United States into 3 categories
of hydrologic regimes appears as in Figure 27. The three
regions are: '

1. Heavily Surface Dominant - Where the percentage’df
rainfall fo runoff significantly exceeds the per-
centage of rainfall to infiltration.

2. “Surface nginanﬁ - Where more rainfall runs off
than infiltrates.

3._ Subsurface Dominant - Where more rainfall infiltrateg

than runs off.

It 1is interesting to note that the regions which are sur-
face dominated are also those which have historically ex-

perienced the greatest flood damage.



FIGURE 26
AGRICULTURAL RESEARCH BASINS 100-100,000 ACRES
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4.0 GENERALIZED EYDROLOGIC PLANNING MODEL

This project ai;tained two milestones towards the achievement of a
hydrologic planning model:
1. &n overall framework was formulated.
2. A number of segmenté, or modules, were constructed, éach
modeling a distinct hydrologic process. -
“What remeins to be done is to commect and integrate the various
modules inta a single meodel.

The modules consist of, and the integrated model is expected to
consist of, anmalytic expressions suitable for digital or analog

computer programming.

" The ahalytic procedure was supplemented by an analog computer simu-
lation, which was or’ie;nted primarily at establishing the sensitivities
of the runoff to variations in the lmportant watershed parameters:
soill permeability, antecedent soil moisture and total storage.capa-
city (soil depth). 'The advantages of the analog similation were
found to be:

1. Flexibility ard ease of variation of rates and magnitudes

of the physical parameters.n
2. Adequacy in representing the physical phenomens, yet with

relatively small computer hardware.

Figure.28 1s a block diagram of the analog computer model developed.
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Tt lends itself to similating rain events of varying charactéristics:
rates, str‘ations, and r'ate variations within the rainfall period J_It
also simulates the subsurface abstraction orocess with varying para-
o meters £ial and final 1nfiltration rates infiltnation decline
rate. Derived parameters which can be sifnulated are so:Ll depth, soil
storage capacity, antecedent mo:Lsture The output is the ftotal _I(unoff
The overland flow comutation is perf‘omed analytically, although an
analog simulation is quite i‘ea51b1e and is contenplated ; for future
phases' of this effort.

Sincg, as has been shown,.the effects of interflow, pércolation, “ard:
depression storage are minimal during peak: events,:they‘ are not The
cluded explicitly. ‘I‘hey can, however, be factored in through potentio—
meter P8 of Figure 28 as a constant small rate Abstractions from )
evapotranspjration can be f‘actored in smilarly Although ; @s has .
been shown in the preceding section, the abstraction f‘rom evapotrans—-
piration is generally snail with nespect to rainfall and to subsurface
abstractions, there may exist combinations of meteorological and )
hysical Watershed parameters whi ch may warrant its inclusion For N
example, evapotranspiration consideration should be :mcluded when one
of the following conditions ex::.st the watershed to be modeled is
contained in an area of high evapotranspjration potential (ary sunny
climate:); it contains highly evaporative vegetation; the peak récurring
rains are nof very.intense; the times of- concentration are"long’
(large watersheds with high surface i‘riction); or- the: precision desired

in the model's output 1s very high. In most practical cases, however,
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- £Hs evapotranspiration component can be neglected.

Consideration of evapotranspiration beccmes important when the peak
i:iow event is produced by multiple sequential rainfall events. In this
‘_case, if the statlstical distribution of the_intex_'fevent inter'vals
shows .that the},-r can Iie relatively long, evapotranspiration becoirtes
imort:an’c in detemnnlng the sta.tistics of antecedent humidity. Al-
though rrnilti—storm analysis was not perfomed in this phase of the
project, apalog s:imulation circuits were devised to provide the _
capability for such a study at a labter time. The circuit 15 depicted
in Flgure 29. It similates a sequence of rain events of arbitrary-

intensity, duration, and inter-event period.

’Ihe per-iod of‘ the rain function can be set to match diurnal or sea-
sonal intervals of high and low evapotranspiration potential. The
circult will act to Increase the time to soll saturation or to raise

the infiltratien rate Over this Jdong ter:m, time variations in the
J inf‘iltration rate can be 1g;nored since the time requlred for it to
fall to the final value is much shorter than the evapotranspiration
period For the complete model a recurring rainfall with a periecd
equal to the desired time between storms could ‘be combined with the

evapotranspiration and inf‘iltration circuits described above.

" By-this'means, a rain event could be initiated, then stopped and-a"
second event restarted. During the intérjm, the "evapotrarispj:ration

¢ circuit would deplete s6il moisture:’
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The analytic model is composed of the following modules:

Rain recurrence module: This is an empirdical formmlation, derdved

fram analysis of the rainfall records of the 158 ARS test watersheds:

i - 1 Taz

NCER

Where:

i

1 = rain rate, m/sec

T = recurrence interval, years
t = rain duration, hours

oy, 02

a3, d = constants, function of the location.

Rain spatial correction module: For large watersheds, a spatial

correction factor is introduced. This factor converts the point rain-

fall rate at the center of the watershed to a lesser effective rain-

fall rate:
P e = cP
Where:
P o = effective rainfall rate, em/hr
P = point rainfall rate, cm/hr
¢ = correction factor.

The correction factor ¢ is derived from the curves of Figure 30. It
should be noted that the reliability of the spatial correction factor
is as yet urproven for more than a few regions where data were gathered.

It should thus be used with reservation.
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FIGURE 30 -
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Subsurface abstraction module: Since initial infiltration rates are
typleally two to ten times the final rate occwrring at the time of
concentration and the processes are non-linear, accurate results
require that the process be modeled over time, rather than relying
upon scme "average" value. The expression for subsurface abstrac—

tion developed by Heggie Holtan of the ARS has been employed for the

time being:
I=6I-a- @a-D)'"+1r
Where:
i? = total infiltration rate (or subsurface abstraction
rate)
GI = maturity of cover
E- = gverage vegetative cover factor
8a = average avallable water capaclity = tobal available
storage - initial moisture content
I = cumilative infiltration = S Iat
if‘ = final infiltration rate

This formulation was selected affter comparison with other existing

formilations because:

1. Holtan's equatlion is being widely applied over a dlverse
spectrum of cover and soil types ard conditions; thus, much
in the way of empirical results should he available for com-—

parisen purposes.

2. It is a complete formulation:; it includes both surface

(cover camposition and condition) and subsurface (soil type
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and antecedent moisture) phenomena.

3. Its results do not differ excessively from those of other

widely used formulations, as shown in Section 3.2.

4, It explicitly includes surface observables (the a and GI fac-

tors) which are potentially remotely sensible.

-Overland ard chamnel flow module: As will be remembered, the peak

outflow from the watershed will occur at the time of concentration,
assuming a rain of at least this duration and of constant intensity.
At the time of concentration, all points of the watershed are contri-
buting to the runoff.

The initial analytic model for overland flow assumes the watershed
schematlc configuration shown in Figure 31. A single channel flows
down the centerline of the watershed. Note that the single channel
hypothesis is essentlally valid for subwatersheds of the highest
order (the smallest in area); for larger watersheds, composed of
several aggregates of subwatersheds, the contribution of each sub-
watershed can be calculated with this model and the aggregate contri-

bution is then computed by routing.

With reference to Figure 31, consider the watershed subdivided into
strips of unit width and extending perpendicular to, and from the
charmel to the edge of the watershed. The total amount of water falling

on such a unit strip must be released to the stream:
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{ = Average overlendflow
length, meters K
N= friction cosff,
§ = Slope, meters/metor
t = Rain duration, hrs,
T = Recurrence interval,
years
ok o A= Reglonal
coctficid “g all .L L
derwabia 3
from rainfall R
records
8= o, T2
L= Channsi lengfh,m,
¥

o T2 CL
imz (t"' d 3 { .

(ENyYS ]2/5-‘?'3 "

amax=2L T § [3500 g3/10 g 275

-PEAK FLOW FOR SURFACE- DCMINATED
"WATERSHEDS-CVERLAND FLOW CONTRIBUTION

FIGURE 31



g=1il ¢D)
Where:
q outfiow, m?/sec

i rain rate, m/sec

- s
E B,

l flow length ™

The flow velocity, which equals outflow divided by cross section of

flcw, will be, maintaining the assumptlon of unlt ‘width

=4- i; o (2)
Where; e . S
d = depth of f‘lov;*, m - . ‘
v = velocity, m/sec TaiElT
a = cross section of flow, m?

Equating this result to the Manningveg@qiog, which also describes flow

veiocity s yields:

v:=:—1-1‘-=--2{3-——1{2-”'-_-. L ) _ __(3)
a- n- : - LTt
Where: - S
r = hydraulic raaius k .
s = sioPe ol ‘ ‘
n = average surface f‘vic’clon factor

-~ .
A

Since, for overland ( shallo'.?f_ﬂow, thgé__l;iiiq;"au]ic _radius equals the

depth of flow, equation (3) beccmes:
2 1l
ng g 2. N .
il""'_ Tooos VLT e e S A T TS Lagl
T - n - . h)

A TS T B - A S A R S SR 2 S drs.f e

S
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" Whence:

( )

Substituting expression () into the original equation for velocity (3)
yields: '

3 .

. v.;:' g -__:—\'i(il)a,SS/lG B . (5)_—4_
—3

4., ns . g

I W oy S

Calling "first time of concentration," T, the 'time 'reqajred by the
flow to traverse the entire unit strip of width 1: '

am 7
17550

=

= 1
C(sec) v

Converting time units to nours!

m = :"f‘*(]}l-)s/s
®trs)  17%s74°(3600) | A8),

A

Gl

RS

Substituting the formula from the rainfaliEnpdﬁle for 1 in equation

{6) ylelds:
(15)?75
TC = z .- (7)

a2 7s
@Em) s %9(3600)
c

If (uT™2) is set equal to'E,” then

S e L 12“3/ " (8)
e /“(3600)_[

Replacing the t term in the formula from the ralnfall module by

4
v

equation (8), and assuming d to be small (as it is in most cases),
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yields the rain rate for the time of concentration duration:

(T L —ag
S
C

* Or:

i an’ _r‘_“/ L
i=¢ 5 T/ (9)
'E‘Vss Y10 (3600)

|

For a watershed with a central channel, such as that of Figure 31,
the total overland flow length for the unit-width strip will egual -
2*1. In equation (1), then,

q = 211 (10)

Substituting equation (9) into (10) and suming along the channel
length L gives:

— i
- 5T (In)%® —
Q - 2]L€ Eu.qsu.s (3600) /&3 (11)

Where:
L = channel length, m

1 = average overland flow length, m

It is clear that this initizl model assumes that the overland sur-
face flow is much slower than the channel flow. This assumption
twrns out not to be overly in error, as the following fnore completé

version of the model shows.

To add the effect of channel flow, consider the gecmetry depicted
in Figure 32. The total concentration time, which is now the sum

of the times required by surface flow and chamnel flow, is:



» ”.f?‘g'z-

fo’ Average overland flow length, m

Ng= friction cozfficient, overland

Ne= " “  ,chamel |

L = length of channel,m R “'( L) (e

So=.overland slope, m/m T_tpj -"Too |+ 2%/ Nal
Se= channel s{om,m/m R S (Bﬁfﬁ(*&)

Tco=concentration time, overlmd
Rz #'channs! hydraulic radius)m
d = dspth of overiand flow, m

N s
4

FIGUﬁE 32
Awﬁmm @ﬁ?ﬁma@% TIME cgaﬁsﬁu
BY CHANNEL



T, .=l +©
total Vo Vc
= l%fnol/ * Ejlc 7
3 2 3 2
d So Rc 8,
& @)
= Tc 1+ "o "0
overland " R, 78 o A (12)
CUBATY

Where the subscripf "c" refers to the chamnel, ard "o refers to-
the surface: '
Rc = hydraulic radius, m

d = depth of overland Isurface flow, m

The other parameters arve as defined previously. The formulation (11)
for the flow Q changes accordingly.

The sensitivity of this model to observable phenomena is shown in
Figure 33 for watersheds with various typlcal types of surface cover
and varying drainage denslty.

) Point of flcoding module: 1In most practical applications, the user
of a hydrologic planning model is interesteci not only in the accurate
value of the pesk flow, but in the coordinate where, along its length,
the stream or channel will actually begin to flood. The stlfea;m
begins to flood wh-er; the water level equals the height of the banks.
Flooding does not necessari'l:;r have to oc.cur at the watershed's

outlet; it 1s a function of channel shape, slope and roughness.
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These factors are convenlently combined into a single formuilation
expressed in terms of the most easlly cbservable parameter, namely
chamnel wldth, for a simplified linearly increasing channel.
Flooding begins to occur when channel width (w ) at any point along
the chamnel is less than:

1 Yogy %
142k
Where:
L = channel length, m

roughness ratio surface/charmel
i .
k = chamnel geometric correction factor

YO = depth of overland flow, m
W, = channnel, width at distance L from beginmdng of

channel

Figure 34 supplies an example for typical values of the parameters.

The modules described above obviously cannot be simply connected. As
is apparent almost from inspection, there are strong feedback factors
between modules. The comnection is thus best performed by program-
ming the modules and their interconnections on a computing machine,
snalog or digital.

Nevertheless, an analytical interconnection, using simplifying hypo-
theses carefully checked for validity, was performed for a set of nine
ARS test watersheds, chosen at random. The results of this compari-

son are presented in the next section.
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THE EFFECT OF OVERLAND FLOW
ON F’LG@@ C@“&DWE@%Q

2.5

Average Dspfh of Overlcmd Flow-cm

3/8 g /8 5/8

W< = IAE'
( l'*2k )

L.~ channel length-m

§ - roughnass ratio
overland/channsl

kK - channsl geometric
correction fuctor

Y‘o- depth of overland

flow-m
We~ channel width
; - @ outfali-m
B 4 . Example shown :
k= 210 §=1}
.. 0 i 1 £ t 1 L
3 8 Q 2 I5 I8
Chanpel Quifall Width-m
FIGURE 34
ECQOQSYSTEMS
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5.0 DATA ANALYSIS AND MODEL VERIFICATION

The modules of the:hydrologic.giahning model described in
' the_previous sectioh‘were interconhected_analytically, using
simpldfying but carefully checked assumptdons; This was
done on a_randomly selected sample of.the 158 AhS water-
sheds, to gage the model's applicability ahd accuracy and
to“test the hypotheSis'that valid predictions_of peak flow
- events can be dade-usiﬁg remotely sensed data_inputs. The
samﬁie cohsisted of ninézwatersheds distributed through-
out the U.S. The output of the model,-e.g. peak flow,
was then compared: 1) to actual flow records and 2)
to the predlctions from the most popular current ungaged

models.

Three criteria were used to select the sample from the

-158 watersheds. First, a divers1ty of geographic and phy-
sical charaEteristics was desired Watersheds were sel-

ected from different areas of the country S0 that cllmate,'

T

vegetative cover, soil type and other key factors gov-
erning watershed behavior would vary as w1de1y as pos—'
sible. Second, it was des1red 'to include watersheds with
the largest number of years of record.- Thirdly and{finu
ally, watersheds were selected for whlch the most det-

ailed’ topographic information was avallable

Y .-

A list of the .9 ﬁatersheds,;their-locations and ‘surface



areas follows:

YY) ) Watershed | e i e C 5
No._Assigned_ Nomenclature Location ) Area km.
iih '“T’I%tershed W-l N. Danviile,’ Vt 2.9
2 o Watershed 19& | COShoétoﬁ; Ohio 6
é. - Thorne Creek e R
R "Watershed W-1  Blacksburg, Va. ..12.3
L - -‘Watershed W-10 Oxford, Miss. : 22.3
5 " Watershed W-1  Fennimore, Wise. . 1.3
6 Watershed 121 - Chicasha, Okla. | 532.1
Y ... Watershed D -~ Waco, Texas - - .  4.5°
8 - Watershed W-1 . Safford,. Ariz. - .2.1
P gin Reynolds Creek-

|
L
N

Watershed W-1  Reynolds, Idaho 2

Average:
Standard deviatlon o 1

[# R\ s]
O =
= Oh

-~

-It..is. obvious from the above llst that the selected water—~

NES VTR . [P S

sheds..vary widely in locatlon and area, Theee two fac—

—-_.—'J'J

-tors alone hayve great influence. upon watershed behavzor

location determines vegetative. cover, soil type, fopo-
. e : REIEAN B T

.graphx, and amoupo_of rainfal;;;area affects‘drainage den-

81ty and .time of concentration,

1“5.1 £h£i§t5051 Proceéﬁre

Yl 1
-~ )

* It should. again -be emphasized that .the simplified analy-

L5

tical procedure hereinafter described is not intended to

eﬁlace ulimaﬁely the constiuetion “of the- complete ‘model

ORIGINAL PAGE IS
OF POOR QUALITY
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'containing all modules properly 1nterconnected and integrated.
The simplified analytical procedure was here used simply as

a substitute for complete'interconneqtiohj which is sched-
uled for sdbggqueht phﬁggg of this project. In spite of
ég;aﬂshpptcoq;ngf_sigg};icgn;_and most encouraging results
gg£gzé9pie¥§d;;as W;}l:becqu:appgrgnt from the .sectlons
tha#.fpllowic To_@gtegmine_capaQiLity to predict peak fiow
events from remote sensing data and to comparé the new mod-
el against existing models, the selected 9 watersheds were

“Enaliyzed in detail by means of the step—by—step procedure

St P A A T s TR TR Ll S N L

LY . ——— )

‘which folIdws. ~~77 - i

e S i - c1 el i I EREE S SR X el
v iore - N AP LN S TR EPR £ I N WU Y L ST

1.. The percentages of each type of soil.within the
iya§g£§hg§,;pyﬁggfgliratipn class, Were‘determined.
wE? Py%gugng,ﬁ§o;}:Cpnse;vation.Serviqe soil data
were-used. 3CS publishes a listing of the, gener-
al classification of all soils in the Unlted States.
“The 568 classifles soils into four general classes,

designated A B 't and D:

s, fr l . -r-.:". R Tl MEE A I el
PN G T e -

e L - -t

class LA.denates solls with high infiltration rates
', even when. thopoughly wetted; and,-therefore, with
.30V runaff potenflal. ..These.sgoils:consist:chiefly
of deep, well-to-excessively drained sands.or grav-

els.
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Class B denotes soils having moderate- infiltration
rates when thoroughly wetted. They eonsist chiefly
-of moderately deep to deep, and moderately well to
well~drained, soils with moderately fine to.mod- .

erately coarse textures.

Class C includes scils having low 1nfiltration rates
when thoroughly wetted They consist chiefly of
soils Uith a layer which impedes downward movemen?{h

of water, or soils with moderately fine to fine

texture,.

Class D represents soils with very low infiltration
rates when thoroughly Wetted and therefore, with
high runoff potential These soils consist chiefly
of clay s01ls, soils with a permanent high water

table, soils with a clay layer at or near the sur-

face layer and shallow soils over nearly imperv-

ious matefial.

An average watershed scil class was determined by
computing a weighted aeefage of ehe above data.
For examﬁle: fef Coshoctoﬂ. 36% of the soils are
type C, while 14% are type B. Thefefore, average
soil class for Coshocton is approximately C. This
average is used later in the conventional predic-

tion formulas.
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An average Inflltration rate was calculated for
each watershed by means of the subsurface abstrac-
tlon module. This was done by first computing .
final infiltration rate (If) for each type of soil,
then taking a weighted average. Values for final
infiltration rates by soil class, presented in
Table 11, were taken from the USDA HL 74 model,
authored by H. N. Holtan, G. J. Stiltner, W. H.
Henson, N. C. Lopez, of the ARS (Reference.l).

The character of the soil vis-a-vis layers of soil
which constitute an impediment to flow are used

to determine the choice of the wvalue within the
range. A low value for impeding layer of clay;

a mid value for loam; and a high value for sand.

After average final infiltration rate was calcul-
ated, évailable water storage per unit depth was
computed. Values of available storage capacity
were assigned on the basis of soil type, according
to Table 12. A welghted average was taken to deter-

mine the available storage capacity (Sa).

An average vegetative factor () was computed for

the watershed. PFirst, the distribution of cover

"was determined from the data base (for examﬁle,

11% cultivated, 58% grassland, etc . . ). Then

each type of cover was assigned a value according

to Table 13. A welphted average was computed, according
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y . Soil -Class

0O W >

Yable 1§

Final Infiltration Rate Range {cm/hr)

1L14-76
0.76-.38
0.38-.12
012-00

S S

Soil Type

. . Sand
--.. Sandy Loam .
Leam:

Clay Loam
" Silty Clay
Ciay

Table 12

" Available Storage Capacity m/m

0.29: . + -
0.29 - ..+ .-
. .0.25 .
0.22
. 020
0.8
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 Tabls i3
VECGETATIVE COVER FACTORS (g) FOR
KOLTAN'S EQUATICN

COVER . . . GOODCONDITION . POCR CONDITION

-y

Fallow - " =xn 70 20 Q30 BRI 0.0
RowCrops - - » =~ 7020 7 YT 0140
Small Grains -7 SR - S _0.20
Hay'(legumes) 77 o0 T o.0
Hay'(sod) 7T T 0eo ! ",__:"0.40
' Pasture (bunch grass) 040 S ._ 0.20
Temporary. Pasture (sod). =~ 060 - - - "“-040
Permonent Pasture (sod) - - S N o R -'0.% '
Woods and Fofa"é?s. R T I 7 0.80
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to percentage of each type of vesetative cover in

the watershed.

The average infiltration I over time was then cal-

culated from the equation:

T=gI + 3 - (Sa - b4, I

To enable comparison of results with the SCS procedure

outlined in referencé 2, an average 3SCS curve num-
ber was computed. Curve number values were taken
from Table 14 according to average soil group.
(The determining factor in choosing a curve number
is vegetative cover). A weighted average yielded

a flnal curve number.

The approximate time of concentration was computed
applying the empirical equation developed by Kerby
(reference 7) to each of the 9 watersheds:

Tn 47
t, =| =2
375

Where:

tc = time of concentration

L = distance from the most remote point in the
basin to the channel, in a direction paral -
lel to the slope

S = slope

n = retardance coefficient, according to Table

15.
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- Table 4
. §C8 CURVE RNUMBERS
Land Use Treatment Hydrologic i i
or Cover of ordotice co '? tion Hydrologic Soil group
A B C D
Row crops Straight row Pcor e gt 188 @l
Straight row Good 67 [ 78 |85 &
Coniourad Poor 70 79 | &8 | €8
‘ Contcured Good es 75 | 82 | 85
Small grain | Siraignt row: Poor &5 76 | &4 | &8
: - Contourad Cocd 61 73 181 |. 84
Legumss or
rotation Contoured Good 53 68 | 78 | 83
Native pasturs ]
or rangs Fair 49 69 | 79 | &4
Good 38 Bl | 741 80
Woceds Fair 38 80 | 731 79
_ Good g5 |85 77
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Table 15

RETARDANCE COEFFICIENT -
 KERBY'S EQUATION

Type of Surface - Value of n

Smooth impervicus surface.........,..............0.02
*  barepackedscil. ... . .. ... ............0.10

. Poor grass, cultivated row crops or

moderately rouch bare swrface, . ... ...... .. . 0.20

Pastureor average grass, . .. ... ...... ... .040

Deciduous timberiand . . . . .. .. ... .. .... .0.860

Conifer timbsriand, deciduous
timberiand with deep forest

litterordensegrass.. . .. ............ 080




=107~

8. The surface friction coefficients (Manning's "n")
-
were derived Trom Table 9 (see Section 3) and a
weig?ped‘qyeragezce;eq;ated.which Included the ef-

fects of the vegetative cover of theﬁwgtershed.

9. A rainfali intensity—frequency—duraﬁige relation
" was developed from NOAA'psinsﬁe& rainfall records
By enip¥pically fitting to each watérshed the rain-

.

fall module curve:

P i alTaz
: ? Zt+d)

Iy

VWhere: . - I PV

i = rain rate, m/hr

recurrence interval years

T

£ = rain duration, hrs.

al: az ... . . eaar
a3, 4 = constants which vary with region.

o . ] P -
[ 60 <.t * o8 -t ed

‘As will be shown in Seétidrl 5.2:1, this formulation
‘permits the determination of the'intensity of a
qgggiréinseveﬁt_of-any-reeurrénce'and an&’duration with
.xai8 high degree of accuracy, to serve as the input

" into the hydrologic planning model.

lﬁj Peak discharge rates per unib of watershed area

PRI T S

were calculated from three models in wide current

=

SR IRty

usage, plus the new model in order to assess their

(¢ --. relative accuracies.. - These models: wers:. .

ORIGINAL PAGE IS
OF POOR QUALITY
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' é.-iRééfonai‘formula method (Réference 3)
" q=cia ) "
Where:’

d

i

outflow, m3/sec

0 o= constant based.on soils and pover,_dimen~
. sSionless ey o
- i = raln.rate with.a duration-of T;.and x-
year recurrence, m/sec.
A = 12

watershed area, m

b. - Cook's method (Reference 4)
Q = f(A, R, I, C, S, P)
Where:

f = an empirically derived function

Q = outflow, m3/sec
‘ h ;'watershed area, m2

R =.watershed relief factor, dimensionless
I.= infiltration capacity factor,:dimension-
e Jegs el - — . ST g
C'= vepetativé.cover factor, dimensionless
S. =-surface stbrégé factor, dimensisdnless

S

precipitation factor, dimensionless

11801l Conservation Service method’ (Reference 2)
Q =" f(—A‘;Lcsh S" Tc) T B K ' ':.‘.
-Where:- -~ . . tiac

f = an empirically derived function



P
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outflow, m3/sec.
A = watershed area, m2
C = vegetative cover factor, dimensionless
S = soil type factor, &imensionless

To= time of concentration, seec

d. Ecosystems method described previously.

The results of these four methods were compared with the

50-year recurrence flow (QSO), derived from the statistics
of the actual records using'the Gumbel extreme value dis-

tribution (Reference 5).

5.2 Results of the Analysis

The map .of Figure 35 shows the location of the 9 test water;
sheds selected for detailed evaluation. Two watersheds
among the nine - - Reynolds, Idaho (No. 9) and Chickasha,
Oklahoma (No. 6) - — are very large, having areas greater
than 200 km@. They are composed of numerous subwafersheds
and, therefore, do not pgecisely fit. within the framework
of the simplified model described previously. As indlcated
in Section 3, watersheds composed of a significant number
of subwatersheds require additional routing techniques to
produce good accuracies, Thelr detailed analysis is res-

erved for future phases of this effort,



FIGURE 35
NINE WATERSHED SAMPLE

. 7AL0-
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5.2.1 Recurrence Rainfall

For peak events, as previously deécribed, the rain duration
chosen was the watershed’s time of concentration. There-
fore, a rainfall intensity for a given recurrence period

can be computed.

The results of the empirical fits of NOAA rainfall data’
(Reference 6) to the rainfall module formulation for each

_ of the nine watersheds are shown in Tables 16a through i.
Table 17 summarizes fhe results for the nine watersheds.

The average error for the nine watersheds was 2.58%. This

is well within the bounds of the ‘errors of the other measure~

ments.

5.2.2 Watershed Physiography, Vegetative Cover, and Soils

The physiography for each watershed was developed from

USGS 7.5 minute quadrangle maps. It included"the physical
quantities: area, slope, channel length and drainage den-
sity. The capability of remote sensing techniques to deter-
mine these physical quantities will be covered in Section

6. Table 18 summarizes the data ‘for the nine watersheds

shown in Figures 36 a-i.

The vegetative cover and soil distributions were developed
for each'watershéd as a welghted average uéing descriptive‘

.data provided by .the USDA-ARS. The utilization of remote
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)
b

Rainfall Duration- Récurrencs Datg- DANVILLE, VERMONT
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i :.Dtlrﬂﬁ@'lf'u

i

Hrs.

" 25yrs

. RECURRENCE

100 years

05

3in/hr
O076m/hr

3.4in/hr
.086m/hr

3.5in/hr

.089m/hr

-~

1.0

" L8in/hr
046m/nr

2 linfhr

- .053m/sbr-

23in/hr 1
-.058m/hr

20 ..

1. 2in/hr
" 030m/Mh

1.3in/hr

C 033w

1. 4:n/hr
.036m/Mr -

—3,

-1 h

- o.8in/hr ..
020mMhr

025m/hr

Ry T,

o A0infhe -

!-_l.’iﬂ"_/_b{_ . ._{ :
0zem/hr

-

. 8.0 -

0S5in/hr

. OBmfhr |

HIAy S

06in/hr
Ol5m/bhr - |

-0

“o7inshr
.OISnv'hr

12,0 -

- o3tin/hr

L007em/ir

03B/ | C
| oio7m/r

-----

20

O.l9infor
.0048m/hr .

- 0.2lin/hr’

S
N

.0053m/hr .

s~

" 0.23in/hr 7|
.oos8m/hr ... .

General Formula

(=0337°1°

(t+2).77

where

i= intensity,

/hr.

T= recurrgnce, years
t = duration, hrs,
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Rainfall Duration~ Recurrence Datg- COSHOCTON,O.

Duration- RECURRENCE
Hrs. o
25 yrs B50yrs 100 years
3.4"/hr. 2.6"hr. 4.2"%br.
0.5 .086m/hr 09I m/br. 107m/hr.
o 2.1nr. 2,3"/nr. 26'br -
1.0 .053m/hr .058m/hr. 066m/hr
" 20 l.2"%hr, {:4"hr, 1.5%hr.
' .03 m/hr .036m/hr. | .038m/hr,
30 23"/hr, 1.0 hr. 117 b
e .024m/hr. .025m/hr. .028m/hr.
6.0 85"% hr .568"%nr. B3%hr -
" Oiqm/hr. OIS m/hr. Oi6m/hr.
: 307hr. 33hr. 38%hr,
20 .0076m/hr, 0084m/hr. .0097m/hr.
40 17" hr. ©19%nr! 21%hr.
2. 0043m/he. | .0048Bm/br. .0053m/hr,
eral formula . _ O30T 18 Where:
" i= intensity, m/hr.

(t+2)83

T= recurrence, yrs.
t = duration, hrs,
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Rainfall Duration~ Recurrence Doaja- BLACKSEURG, VA

-114-

Duration-- RECURRENCE
Hrs. . )
25 yrs 50yrs 100 years
40"/ hr. 44"hr, 50"/ hr.
Q.5 102m/hr, 2m/hr 127m/hr.
2.5"/hr. - 29"%hr. 33"hr,
1.0 :
084m/hr. O074m/ hr .084m/hr
- 1.5'%hr, 1.8"/hr, 2.0"7hr.
20. | ozemshr 046m/hr. 051 m/hr.
30 LI3'/br, 13"hr. 14 Yhr.
) .0Zm/hr. .033m/hr. 038m/hr
6o S67%hr 75%hr. 82" hr.
' Oi7m/hr .olem/hr. O2im/hr
20 41"/ he, 427hr. 50'7hr.
) O10m/hr. Olim/hr " .013m/hr,
20 21" /hr. 25" /hr. 27%hr.
- .0053m/hr. .0064m/hr, 0069 m/hr
_ .040 T where .
i=s W i = intensity, m/hr.

T= recurrence, yrs.
i = duration, hrs.
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- Rainfall Duration- Recurrencs Dgfg- OXFORD, MISS,

T= recurrence, years
t= duration, hrs.

Duration- RECURRENCE
Hrs_. . . T
25 yrs . 50 yrs 100 years
44in/hr 50in/hr B.4in/hr
05 d2m/hr 127m/nr {3Tm/vr
10 28in/hr, 3din/hr 3.4in/hr.
' .07im/hr 079m/hr | - .086m/hr
20 1.78in/hr .85in/hr 215 in/hr.
044m/hr 047m/hr .055m/hr
30 i.27in/hy 1.43in/bhr 1L.B7in/hr.
i 032m/ihr 0O3em/hr 0490m/hr.
60 77in/hr 87in/hr .87in/hr.
’ Oiem/nr L02Z2mimr. 025m/nr
o ) 48in/hr. 52in/hr B7in/hr
120 _.Ol2m/br Oi3m/hr Oldm/hr
28in/hr Blin/hr 23in/hr :
240 -0070m/hr 0078m/br. | . .0085m/lr.
Ceneral Formula
A4 where :
= '%%%‘1;—775- i = intensity, m/hr
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Rainfall Duration- Racurrence Dadg- FENNIMORE WISC

T= recurrence, years
" t =duratien, frs

Duration~ RECURRENCE
Hrs, .
25 yrs 50vyrs 100 years
05 3.8in/hr. 42in/hr. 4.6in/hr.
' .097m/hr. 1O7m/hr. 1 7m/hr.
Lo 2 4in/hr, 2.7in/hr, 2.8in/hr.
’ O6Im/hr .068m/hr. O7im/hr
20 {.4in/hr L.8in/hr, 1.8in/hr.
03Iem/hr .0_39m/hr 044m/hr.
30 .O3in/hy 11 7in/hr, }.23in/hr
: .026m/hr .0 30m/hr, 031 m/hr
6.0 .58in/hr B7in/hr 75in/hr
) OlSm/hr Ot7mivr Oliem/bhr
120 .36in/hr 39in/hr 46in/hr
) L008m/hy _ LOIOm/hr Oi2m/hr
240 .2lin/hr 23in/hr 28in/hr
' .005m/hr. 008m/hr L007m/nr
. General Formuia
od T]4 where :
* W’;‘g i = intensity, m/hr
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Table Rainfoll Duration- Recuryancs Dafg- CHICKASHA,OKL A,
B8f |
Duration- RECURREMCE
Hrs. )
" 25yrs 50yrs 100 years
0.5 50in/hr 5.8in/hr 6.4 in/hr
o A27msbr 147m/hr A83m/hy
10 3.2in/hr 38in/hr 4.1in/hr
. O8tm/hr O9im/hwr 104m/hr.
20 1.85in/hr 22in/hr 2.45in/hr
i .04 7m/hr O86m/nr OeZ2m/hr
30 1.43in/hr 157 in/hr 18in/hr
’ 036 m/r .040m/hr .048m/hr
60 83in/hr 93in/hr i.1in/he
’ O2imir Q24%in/hr 027m/hr
A48in/tr Bdin/hr B3in/ly
12.0 .oi12m/tr Olém/hr .clém/hr
240 .283in/hr . 321 in/hr 388in/hr
' 0072m/hr 008! m/hr GO m/hy -
General Formula:
: . where:
A7 i = intensity, m/hr
i .-;-_.Q.§_5_T8_2 T= recurrence, years
. t = duration, hrs:
(t +2) _ ™



Table Raoinfall Duration- Resurrencs Dafg- WACO.TE
169
" Duration- RECURRENCE
Hrs. . - . )
- 25yrs S50 yrs 100 years
S54in/hr 8.2in/hr 66in/hr
-0.5 137m/hr 157m/hr 1e8m/hr
. 1.0 34in/hr 39in/hr 4.2in/hr
) .086m/Mr .09Sm/hr 107m/hr
20 2.10in/hr 2.35in/hr 265in/hr
) .053m/hr .080m/nr .067m/hr
1.8in/hr L7 7inshr | Qin/hr
30 O4tm/nr 045m/tr 048m/hr
6.0 S67in/hr 1.07in/tr .18in/hr.
025m/hr 027m/nr 030m/hr
120 587in/hr 642in/hr T3in/hr
Otd m/hr Lolem/inr LO1sm/hr
‘200 23in/hr 37lin/hr 413 in/hr
& .008m/hr .008m/hr OiOm/hr

-118-

Gensral Formuia

' A7 where : '
i= —L% - i = intensity, m/hr.
) " T= recurrence, years

1= duration, hrs.
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- Rainfall Duration- Recurrencs Daba- SAFFORD, ARIZONA

Duration- RECURRENCE
Hrs, :
' - 25yrs 50 yrs - 100 years
o5 2 8in/hr 3.4in/hr 3.7in/hr
g O7im/hr 097m/hr .094m/hr
|.9in/nr 22in/hr 2 Sin/hr
1.O 048m/hr O58m/hr 064m/hr
20 1.13in/hr 1.25in/hr 1.40in/hr
029m/hr - O32m/hr 036m/hr
50 80in/hr S2in/hr 1.O3inthr
' 020m/hr .023m/hr 026m/hr
8.0 C.48in/hr O.BDin/hr 0.58in/hr
Oo12m/br Oi3m/hr - Oi5m/hr
Q.25in/hr 0.3l in/hr 034 in/hr
2.0 006 m/hr .008m/hr 009m/hr
2.0 - Q.150in/hr 0.180in/hr 188 in/hr
' .0058m/hr 0046m/hr | .0048m/br
Genercl Pormula .
027719 where: .
. e -'i = intensity , m/hr.
(?f.t)'s

T= recurrence, years
t= duration, hvs.
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Table  Rainfall Duration- Recurrsncs Dglg- REYNOLDS, IDAHO
161
Duraticn- RECURRENCE
Hrs, :
25 yrs 50 yrs . 100 years
1.0in/hr L2in/hr " 185in/hr
05 025m/hr 020m/r 038m/hr
1.0 .68in/hr 8in/hr- Qin/hr
| Ol7m/hr 020m/hr 023m/hr
20 28in/hr 47 in/hr SS5in/hr
.O0m/hr Oi2m/hr Oldm/hr
30 .33in/hr 40in/hr 43in/hr
) .008mv/hr Olom/hr Olim/hr
6.0 2lin/hr .23in/hr .26in/hr
0053m/hr 0058m/hr .oosem/hr
120 125 in/hr 146in/hr 87 in/hr
' .0032m/hr .0037m/hr .0042m/hr
20 | 075 in/hr .Cesin/hr 1Q0in/hr
o 0019 m/hr .0022m/hr CO25m/hr

General Formula:
008 1-'25 where ;

= (t +1)-71

i= intensity , m/hr.
T= recurrence, years

t= duration,hrs
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Table 17

SUMMARY OF THE RESULTS OF EMPIRICAL

FIT OF RAINFALL - RECURRENCE
DATA FOR THE TEST WATERSGHEDS

ECO LOCATION ai o2 ads d Average
NO. : Error (%)

Danvitle, V1, 0033 | Ol6 0.77 0.2 309

2 | Coshocton,0. |0.032 | 0I5 | 083 | 02 | 334
3 | Blacksburg, Va.|0.040 | OIs | 080 | 02 180
4 | Oxford,Miss, [0.049 | 014 | 075 | 0Ol .37
5 | Fennimore, Wisc|0.04} C.i4 0.78 Qi .76

& | Chickasha,Okla|0.055 0.17 0.82 02 169

7 | Waco, Tex. 0054 C.17 0.78 Gl 331
8 | Safford, Ariz. i0027 o.lg 080 0l | 345
8 | Reynolds, Ida. |0.008 0.25 0.71 O.1 340

Grand Average 2.58

N General Formula

oar t¢2
(t+d) Q3

Where: -
i = rain rate, cm/hr

T= recurrence period, years
t= rain duration, hrs
di, d2
¢3, d = empirical constants
predicted - observed
observed

Average Error n-,l,,— T e, where =




TABLE 18  PHYSIOGRAPHIC DATA SUMMARY
FOR THE NINE TEST WATERSHEDS

7 m m7in &
ECO NO. |LOCATION | AREA km?|AVG, SLOPE| SHAPE |CHANNEL |DRAINAGE
LGTH. ~ |DENSITY
| Damille | 429 | o042 | Triongle | 40,200 | 111085
2 Coshocton | 076 | 0472 |square | 1,49l 1/510
Blacksburg Ellipse
4 %ﬁ:’d 223 Ol14 | Triangle | 20,273 | 1/1i00
IS8,
1
5 Fennimore | | 3 0.08 |Ellipse | 2384 1/550 N
Wis. L=2.0W . 1
Chiclusha Ellipse
6 chiol 6321 | 0058 | .aw | 76:014 | 1/7000
Waco Wedge
7 Waco 4.5 oozt | fedde | eeis 1/680
Safford Rectangle
8 i 2.1 0020 | (- w3y | 195 | 1/339
Roynolds Wedge
9 Roym 2332 | aqire | Ve | 164177 | 11420
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FIGURE
- 36a
NORTH DANVILLE VERMONT ECO |

Area 42.9 Km2 L APPROX, TRUE
Slope .I20 m/m ‘ o = -
Shape~-Triangle
Length of Channel
403Km? |
Drainage Density 171065 \
os3Ti6  -m/mE Y
§ B e

(t+2) 77

Cover

64 % Cultivation

| 7% Pasture

'I 5% ldie land
3% Homesteads
1 %o Roads

Soils

33% Stony silt loam

| 8% Calais loam

| 8% Royaiton lcam

1 6% Rocky loam
7% Fine sandy loam
4% Colrain fina sandy
3% Peacham siit loam -
| 9% Misc, soils

ORIGINAL PAGE. IS
OF POOR QUALITY
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FIGURE
36b
COSHOCTON OHIO ECO-2

Area » .76km2
Slope = .172m/m

Shape= Square
Length of Channsl - 149I m

Drainage Dengity = {/510 m/m2

im/m= 038115

(t +.2)83
Cover

23% Hardwood Forest

58% Grassiand

I % Cultivated

. 8 % Miscellaneous
Soils

33 % Muskingum silt loam
19% Keene shallow ioam
17% Keene silt lcam
17% Mixed silt loam

14% Muskingum stony loam
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THORMNE CREEK AT BLACKSBURG, VIRGINIA ECO- 2

FIGURE 38¢

Avea = 12.3 K

Eélcpe = ,123 n/m

chape = Ellipse; I=2W
Drainage Density = 1/460 m/m2

Length of Chammnel = 26.6 km

.otgr+12

i= .
(t + .2)’80

Cover 61% Pasture
32% Cultivated (Corn, Small Grain,
Hay Crops)
LY Trees
2% Idle land
1% Roads

Soils 30% Oroceclose Silt Loam
17% ledi Loam

14% Prederick Silt Loam

12% 1dtz Silt Loam

" 8% Greendale Silt Loam

19% Other Silt Loams

ECOSYSTEMS
INTERNATIONAL INC.
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FIGURE 38d

OXFORD MISS
ECO 4

Area 22.3 Km?2

Slope 114 m/m
Shape-Triangle

Length of Channel 20.4Kme
Drainage Density 1/1100 m/m 2

. 04914
(t+1)-70

Cover

23% Cotton, corn
& soybeans

35% Pasture &
idle -land
40% Woods

2 % Bare gullies

Soils

50% Rusfon ind,
sandy loam fo clay loam
6% Collins

14% Providencs silt leam
12 % Loring silt loam to
gilty clay lcam

8% Grenads silt loom
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FEHIMORE, VISCORSIE EC-6

FIGURE 36¢

Area =- 1.3 Km?

Slope = .08 m/m
Shape = Pectanple; L=2.
Draingge Density = 1/550 'm/}’ﬂ2

Length of Channel = 2,44 km

e LY
1 o 20827

(t_+.1)078

Cover 23% Corn
10% Grain
21% Hay
23% Pasture
16% JTdle
7% Roads

Soils S50% Tars 11t Loam
19% Dubuoue Silt Loam
23% Dodeeville 811t Loam
8% Judson Silt Loam

ORIGINAL PAGE IS
. OF POOR QUALITY

I B n
— urs
RAINGAGE A~8 -‘J‘o .
»E “'—-i—‘;-l “_6« ) .

1150 oF

P 1 x * \.! *
PASTURE , = A x
': s —— e ,J
& FaRMSTEAD "}r

l

L1

x, —— ®

£ I FERMANENT
PASTURE

RAINGAGE R«~i

»

APPROXINATE i .-
vave nowmn S -
ECOSYSTEMS

INTERNATIONAL IMNC.
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CHICKASHA, DKL FOD- 6
- FIGURE 267

2
Area = 532.1 Km

Slope = .058 m/m

Shape = Ellipse; I=2W

iength of Channel = T4.U4 Jm

Drainage Density = 1/7000 m/nf

L ossmtT
(t + .2) 32

Cover 8% Alfalfa
48% Sowed Crops
447 Row Crops

Soils 40% Noble Cobb Loam
36% Darmel Vioodward Quinlan Fine
Sandy Loam
162 Port-Yahola Pulaskl Fine Sandy Loam
8% Noble Vanoss Cobb Szndy Loam

ORIGINAZ, 1y
OpF PODgLQgAGE Is
Ly

FCOSYSTE
(TERMNATIONA
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FIGURE 35¢

RIESEL (WACO) TEXAS ECO-7

Area. 45 Km?2

Siope .02l m/m .

Shape W L= 2W

Length of Channel 6.6 Km?2
Drainage Density 1/680 mi/m2

084117
(t+1)-78

Cover

60% Pasture
6% Small grain

. 3% Corn
7 % Cotton

9% Row grains
2 % Gravel & paved roads
I 3% Other, mostly weeds

Soiis

66 % Wilzon ciay loam
24% Burleson Heiden clay
4% Frio clay loam
3% Crecckett loam
2% Burleson clay
1 % Houston Black. clay
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FIGURE 36h
SAFFORD, ARIZONA ECO-8

Area 2.1 Km?2

Slope .020 m/m

" Shape Rectangle L= 53 W
Length of Channel 6.2 Km2
Drainage Density 1/339 m/m@

{0277 19
(t+1)8

Cover

85% Bare
15 % Grasses

" Soiis

47 % Trague
4% Gilman

3% Laovesn-
46 % Luzena
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FIGURE 386i
REYNOLDS CREEK IDAHO ECO-9

Area 2331 Km2
Slope U176 m/m
Shape-Wedge L=1.9W
Length of chonnel 1646 Km .

Drainage Density - 1/1420m/m2
008725

(te.1) 7

Cover

25% Sagebrush & Rangsland
2% Small stands forest
3% Alfaifa . . -

@ .
Gu:./\"-."
.
‘.-.,’ﬁ 1
P O B

Soils
12.65% Reywat

1 0.68% Harmeli -
8.73% Bakeoven
833% Gabeca
7.62% Ruclick
6.87% Takeuchi
5.04% Nannyton
3,75 % Lasimer
3.71 % Gemid .
3.08% Babbington-~... . iAot
3-0l.°/o Secrla -
2.95% Glasgow
2_%% qufa-vsur.‘.a-:v) - Ao LT
281% Kanlee: . _-..,
2.19% Castle Valley
214% Nettlelon

| 3.55% Additional

A
ra

S
;'7";;}((s o

/-
et

s.g

h

ORIGINAL, PAGE, I
OF POOR QUaLITY
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gensing for the development of this information is discussed
in Section 6. The data for each of the basins analyzed is

presented in Table 19.

Using the above data, the pertinent parameters for the four
models to be compared were computed by the procedure pres-
ented in section 5.1. The parameters computed were:

1) the time of conecentration;

2) the average infiltration;

3) the average surface friction; and

4) the average subsurface abstraction

Additionally, some of the four models, specifically the
SCS model, required the computation of other parameters.
A summary of the results of these computatlions 1s given

in Table 20.

5.3 Results of the Model and Comparison with Actual Rec-

ords and Existing Planning Models

Having thus determined analytically the values character-
istic of the recurring rainfall, and having approximated
the subsurface abstraction, the differeqce between the two
became available ag the excess rainfall, which is the gen-
erator of the overland flow. The overland flow itself

and the corresponding peak Tlow was then computed by means

of the overland flow module detailed in Section 4.
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TABLE {9
ECO NO./ Soil Class %
LOCATION 8 c S SURFACE COVER
. ’ 64 % Hardscod foraot, i85 posture - snalf graing
I- Dﬂn\”"e Vf. 45 IB 36 17 % Cultivated hoy, ;% 70W CTCDS
3% Danm brush ¢nd gross
2 dwocd , 88 % tand
2, Coshaston Ohio O [14 | 86 | O | o oottt 86 apay crorstand
' £9%% pestura, 8% corn, 28Shoultivated Ray,
3. Blacksburg Va. 0 32| 6l | O, 4% forest, 2%% ldle (graasd, |9 impormestle
: 23% Roworcps, 35% pasture 8 faliow, 40%
4. Oxford Miss. 0 [80] 20 | O | forasy, 2% base "
23% Corn, 10% grain, 21 %% hay, 23% pasiurs,
5, Fennimore Wisc. 0O {10010 |0 16 9% fallow, 755 roeds
. 48%h roinerops,
6. Chickasha, Okla, 0 iC0}| © 0 44 %5 Roworops
8 G AKaita
' €09, Pasture, 6% gram, 3%hoom, 7% cotica,
7. Waco Tsxas 0 4 0 3 9, Rowrerops, 295rodds, 135 Woeds
8. Safford Ariz. 0 |7 |0 | o3| %0 Is%arms
955 Rasturs, 29 forest, 355 Al%ia
9 Reynolds Chio O I7 |60 | 23

SURMMARY OF SURFACE COVER AND SOILS
DATA FOR THE NINE TEST WATERSHEDS




TABLE 20 SUMMARY OF COMPUTED FLANNING [HODEL DATA
FOR THE MINE TEST WATERSHEDS
FCO NO. | LOGATON gg“gf?,o :rs To cm/hiuasi::;‘;:f A(E;?E%Ar:-/r:g; (Holtan) | CN (4) o/P %‘{%gg?\(.‘,oef
, Danville,Vt| 1.6 83 033 24 082 71 046 0079
2 8gisohocton, 03¢ 53 0.30 20 0.56 74’ 037 0.048
3 |Blockebwrg,| og0 | 72 | o038 | .2l or2 | 75 ol 0039
4 Oxford, 1.7 64 0.4 23 0.56 71 0.18 0.060
5 m%ifmre, 0.53 50 058 23 042 70 0.14 0.034
& g‘;“{gf‘ﬂshﬁa 1.9 2.44 048 26 016 76 004 0.038
7 Waco,Tex. | 072 6.10 008 21 065 84 0.18 0.035
8 ﬁgfi;?rd: 0.9 206 008 £0 0.23 94 0.05 0.020
9 vgmolds, 1.28 2,95 0.23 20 0.3 74 0.19 0.036

{1) BY KERBY'S EQUATION

(4) S0S CURVE NO CN

(2) AVERAGE WATER STORAGE CAFATITY

{(3) EMFRICAL CONSTANT I HOLTANS INFILTRATION
FORLIULA

'ﬁET"
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The peak flow thus predicted from the new model -~ - which
for ease of recall we shall hereinafter refer to as the
ECO model - — was then compared to ecach of the nine water-

shed's streamgage records.

"Finally, the predictions of the other three planning mod-
els in widest current use - - the Rational formula method,
Cook's method, and the SCS method - - were computed for
the nine watersheds under the same conditions, and thelr
results compared with the streamgage records and with the

predictions from the ECO model.

5.3.1 50-Yeor Peak Flow from Actual Records

The mean peak flow and its variance were developed from
the records for each test watershed. The QSO’ i.e. the
peak flow corresponding to a 50-year return period, was

calculated using Gumbel's extreme frequency distribution:

Q50=§p+KUQp

QSO = peak flow with 50-year return period

Qp = average yearly peak fiow
UQP = variance of the average peak flow
K =

Gumbel constant which is a function of recur-
" rencé period and length of: record.

- The values of K are presented in Table 21.



TABLE 21
VALUES OF K FOR DIFFERENT SAMPLE SIZE & RECURRENCE

Sample ¥ Recurrence Interval o ,
size, 10 - 20 ‘| 28 50 75 - | . 100
8. |wroz | 2410 | 2632 | 3.32 3721 | 4.005
20 1625° | 2302 | 2517 | 3179 | 3563 | 3@36
25 | 1576° | 2235 | 2444 |2088 | 3.463 | 3729
‘30 1541 |2188 | 2303 |3z026 | 3303 | 3653
40 | 1498, |2126 | 2326 |2943 | 3301 . | 3554
500 | 1466 |2086 .| 2283 .| 2889 | 3241 ' | 349 |
160 1446 | 2.059 | 2285 | 2852 I3;.2'03 3446 ‘g?
70, | 1430 | 2038 .| 2230 |2824 | 3168 | 3413
,76 | 1423, | 2029 .| 2220 | 2812  |'BI55 | 5400
100 1401+ | 1998 | 2487 | 2770 3109 | 3.349
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For example, to compute the 50-year event from a data base

of 30 years of peak flow data, the corresponding value of

K from the table would be 3.026. Therefore, in this case:

Q50 = Qb + 3.026 %Gy

Table 22 summarizes the results of the statistical analysis
of the records. It was used as a basis to compare the ECO

model and the three planning models in curreht practice.

5.3.2 Remote Sensing Model (ECO Model) and Results

The ground rules and assumptions employed in applying the
simplified analytic formulation dere: _
1. The expression for the time of concentration must
be made to represent the maximum time required for
precipitation to reach the outlet from its point
of impact.

2. Infiltration abstraction can be accounted for, by

modifying the rainfall accordingly.

Referring back to the procedure detalled in Section L, the
time of concentration can be described as the maximum of:

Y, ke |
B, = 2 4 (1)
v v
0 ¢



TABLE 22 Qg, FROM STATISTICAL ANALYSIS OF RECORDS

AVERAGE - YRLY,

PEAK FLOW

£e? :LoctTION {PEAK FLOW | WIRMARCE ascor | | %0
No, : RECORD 50 | 3
: 8p, Y/ sca/ |0 ap. S achnt m¥/s00fnf
I DANVILLE VT, 35 T B 10 354 | .98
2 COSHOCTON, O 2.48 228 8 360 1068
B BLACKSBURS, VA, .32 a-1) " 1340 | 13
4 OXFORD, M1SS. 318 28 i 340 2.0
5 " ] FENNIMORE, WISC. 268 " 296 25 3.09 1.8
] CHICKASHA, OKLA, -| 17 20 5 568 | 89
7 WACO, TEX. . 380 3.25 g5 |aos | 138
8 SAFFORD, ARIZ, 1.69 1.48 29 304 | &2
[ ' '.ﬂ’ -)u‘.
9 REYNOLDS, IDAHO I8 49 3 368 | .87

_BEI_
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Where:

1
o’ "o

v 1
e’ Tc

v overland surface velocity and length

channel flow velocity and length

From Manhing's equation:

. - 10 no . -]_c n, ] - L
et TTont T v 2
- d.""s d. ’s : v oem .
o o ¢ "¢ S L
Where: . .
n, d, s = overland surface %ric%ion, depth
© © O  o4f flow, and slope
n,, d,, 5, = channel friction, depth-of- flow,

and slope

LY : -

[ B S-SR =~
Fpe - . T P e 1 Lo

Expressing cnannel characteristlcs as a function of sur- .

face characteristlcs

7
ri
e

n?‘e klob
| 19.= kélg_w\
: d,’ 3d o
e;‘= kus e
Whete kl, k2, k3, ku are constants.

n

« re e

[

1
A

Ly

~ -1

Substitution of these terms into equation (2) yields:

e - : 01 * et '
total Y . o
a 350 2 (kg )/3(1(1;3 )/2

L L] r:—}: Lo T

Ilo < : Jkg
r._r. -... "‘.;/3_18- g /2 + ...,._z/_.__,r/_;.
‘ : . ¥ 3 }4
l_’-} -'fh LI r.‘.‘\___;:‘: collsrilt, Y i .
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Tt =% 1-+——zl—{ll—{?—
c /3ku

total ¢ (5)
Where:
. ) Kﬂ@ -

+;‘2 1
ks/akl} /2
The values of kl, Ky, k3,'kh can be‘cOmpﬁted from flow

records and from knowledge of watershed characteristlcs.
+ J N .

The correction for subsurface abstraction is made by re-
ducing the rainfall input by the amount of water which
becomes infiltrated. This was accomplisheq by introducing
a factor into the rainfall expression to degrade the

rainfall rate, leading to the modified expression:

4 = E‘.".&Eﬁ - . LH6)
(tc)aa
Where: ‘ SLy T ume s
k = % of.- rainfall which does not infiltrate
i-= pr@q&p;ta%@on excess )

It is worth emphasizing agaln that this expression is

S et

only approximate, since in reality the relationship be-

tween rainfall and subsurface abstraction 1s non~llnear.
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Thus, the results expected are necessarily approximate;
more accurate results should be avallable from the com-

plete model.

The k term above was calculated by comparing the rain
rate occurring over the time of concentration with the
average infiltration rate for the same period. For
example, the rate (é) for the 50-¥ear recurreﬁce, tc
duration rain within the Blacksburg watershe& is-0.109
meters/hour. The infiltration equation, using the con- -
stants for this watershed, derived -as explained in Section
5.1, is:

- _ oyl )
_Icm/hr L72(4.97 - I) f -38- J*(?)‘_
For tc = ,52 hours {(from the Kirpich formula), the infil-
tration rate will fall from 7.1 cm/hr to 3.4 cm/hr,

" with an average value equal to approximately 4.2 cm/hr.

The k factor, therefore, for this case eqguals:

I 0.042 m/hr
1--=1 - = 0.62 . (8)
P 0.109 m/hr

In other words, for this particular rain event, and for

the Blacksburg watershed, approximately 62% of the rain-

fall becomes runcff,

L S
vl e we o~

When both ground rules and assumptions are included, the

ECO formula for the overland flow module becomes:
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DT

1
—Y% DI
P 1 ¢ (In) 7 ’ 3 (9)
£7 $719(3600) .
Where!
L7
E= %uT

Table 23 supplies wvalues for the constants developed above
for the nine test watersheds. The 50-year recurrence
flows, as calculated from the ECQO formula, are presented

in the final column.

5.3.3 Comparison of the Four Planning Models

The predictions of the ECO remote sensing model in its
simplified form were compared to the predictions of the
three princlpal planning models iq present use for un-
gaged watersheds., The predictions were calculated using
exactly the same base parameters for all models, namely
the ARS and USGS data as descrlbed in Sectlon 5.1. Com-
puted values for the overall results are tabulated in
Table 24, and depicted in Figure 37 for the nine test

watersheds.

In Figure 37, the solid line of unit slope (45°) is
the locus of the points for which the predictions equal
‘the measurements. Polnts falling above this line are

underestimates; i.e., the predictions fall short. Poilnts
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TABLE 23
ECO FORMULA PARAMETERS

E:: LOCATION €50 HEL CENGTH %?;L&M&m o | & i | %o
. . L,m i, m, » m3/sen/ k2
t | pawwvie, v - |esxw®]  ome 805 20 |om (a2 | .9
2 CO3BKOCTON,0, LezioB| 18 163 173 {048 |i172 | 288
3 | BLACKSBURS,VA, |14x10°8] 8000 167 21 |03 (123 | Lon
4 | GXFORD,MISS. 1421078 18,000 858 28l (080 {4 | 108
8 | FENNIMORE, WISC. [l4x10°B] 1845 165 | 328 | 034 |.080 | 128
6 | cuicrssus,onLA. 20109  sarie 800 344 1.038 |ose | 08
7 | waco vex. 223109 2280 203 a1 J.oss l.o2t | 8
8 . | sAFFORD,ARIZ.  |12x10q 3049 133 88 |.020.020 | 83
9 | REVNOLDS 1DAMD [28x10°7] 21481 189 32.2 |.038 |t76 | .00

_EﬁT_
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TABLE 24 COMPARISON OF RESULTS
FOR PEAXK OF THE FIFTY
YEAR EVENT
A - m3/sec/kme
Records ECO | Rational SCS Cook
. Danville vt. 085 0.9l 4.8 2.14 549
. Coshocton, Ohio 0.6 256 i76 4.4 12.6
.:élacksburg-\/a .33 Lol 12.7 7.5 1
. Oxford Miss. .9 i08 73 3.1 84
. Fennimore Wisc 1.8 12.5 18.8 3.5 3.1
. Chickasha, Okla 088 0.08 3.3 - 2.9 6.44
. Waco, Texas 3.6 il 164 228 5.7
A Sai;fcrd , Arlz. 8.25 83 4.4 15.2 50
. Reynolds, Chio 0.87 0.C01 1.7 3.7 3.9
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falling below the unit slope line are overestimates;
the predictions are too high. The dashed lines around
the unit slope line indicate the region bounded by + 15%

error around the measured, or "true," quantities,

It can be seen that 1in most cases the ECO modeI; evénf:
though only used in its simplified form, is an improve-
ment over conventional models. 66% (6 out of 9) of

its predictions are contained within the + 15% error
bound. Two of the three predictions which fall outside
the + 15% bound, specifically Chickasha, Okiahoma,

and Reynolds, Idaho, pertain in reality to very large,
complex watersheds which require a somewhat different
procedure. Namely, that the model be applied to each
of the individual subwatersheds of which they are com-
prised, and that the outputs be then coalesced by routing.

This approach 1s reserved for future effort.

It would of course be premature to c¢lailm that the results
from this limited sample provide proof that the ECO model
concept is valid for all reglons of the U.S. and for all
flood regimes. Rather, the results tend to éupport the
validity of, and encourage the approach of constructing a
hydrologic planning model highly sensitive to remote sen-

sing data inputs. Further effort is required to deter-
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mine the sensitivity of this type of model to its key
parameters: dralinage density, variation of slope, basin
area, multiple watersheds, ete. The approach does, how-
evef, appear to offer promise of ylelding a practical
model capable of using satellite data inputs, particular-

"1y in the future complete version.

The following section describes the relaﬁionship of
conventional and future remote sensing techniques to

’the hydrcloglic planning model described.
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6.0 THE RFLATTONSHTP OF REMOTE SENSING TECHNIQUES TO

HYDROIOGEC PLANNTNG MODELS

The preceding analysis indicates that the surface features of a
. watershed play a significant role in the prediction of the peak _
rurioff. This section addresses the appllcability and feasibiiity
of measuring surface features, and inferring.subsurface character-

istics, by remote sensing techniques.

Virtually all the requirements for the measurement of the geometry
of surface features have already been adequately matched by remote
sensing from aircraft. It remains to assess whether spaceborme

sensors of modest geometric resolution but with high radiometric
content 1imit the acecuracy of the data.

i ’I‘he'i:'e&uirement's for the identification of the types of species

on the surface hinge upon multispectral techniques of discrim-

Ination. Techniques to satisfy them are currently in the advanced

development stages. What needs to be ass;assed is whether the

ider;tification accuracies currently being experienced are consonant

to the accuracy of prediction required from hydrologlec plarming
models.

Table 25 depicts the important information required for the develop-
ment of hydrologic pla.r;rﬂ.r‘;g models employing remote sénsing

techniques.

PRECEDING PAGE BLANK NOT FipMex



-~150-

TABLE 25

INFORMATION ELEMENTS OF STIGNTFICANCE FOR THE CONSTHUCTION OF

HYDROLOGTC FLANNING MODHELS BASED UPON REMOTE SENSING TECHNTQUES

PRINCIPAL REQUIREMENTS ANCTIIARY REQUIREMENTS
Directly Observable

Watershed Area

Surface Frlction of
Overland Flow Path

Drainage Density
Drainage Pattern
Charnel Width

Slope

Potentially Inferrable

Areal Extent and
Charnel Capaclty . Trajectory Statis-

tics of Rainfall
Soil Permeabllity . .
Statistles of Bva-

Soll Moisture . - .~ s+ . potranspiration

Statistics . Drivers {Insola-

S o T - - tion, Plant Species,
ete.)

. Currently Requiring
Ground ¥easurement

. . . Statistics of Eva-~
potransplration
Soil Depth Drivers (Surface
Air Temperature)

s POOR, QUALITY ECOSYSTEMS
INTERNATIONAL INC.
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6.1 Remote Sensing Observations

Several of the information requirements of Tgble 25, such as

area and channel width, can be met by direct measurement from
‘remote sensing imagery of digital tapes. Other information
requirements result from combining two or more remote sensing
measurenents. For example, drainage density is measured by

using directly observed dréinage pattern plus area mensuration.
Table 26 summarizes, for each element of information, the existing
technique(s), the degree of feasiblity already demonstrated, the
princ;ipal I'ESE&I’CI:.IEI"S in each technique, and the typical mmerical
values of accuracy attained at present from processirg of

ERTS data.

6.2 Relationship of Remote Sensi@ Observables to Hydrologic

Planning .Model Requirements

The moduleé developed In the previous secT;ions undamentaily
require six elements of data: . watershed ares, overland surface
friction coefficient,drainage density, channel width, sﬁbsurface
abstraction and slope. Significant information is currently
available, in the U.S. and developed nations, on four of these
elements: area, swface friction coefficient, drainage density,
channel width. Additionally, a considerable body of direct and
inferential evidence exists from which to deduce the subsurface
abstraction camponent. The last element,‘ slope, can be addressed

in three wéys:



TABLE, 26

m SENSING OBSERVATIONS REQUIRED IN HYDROLOGIC PLANNING MODELS

o1 EoVd TVNIOTEO

.mm) 400d d0

: Accuracy
Information Element Technique Feanibillty Achleved.
Watershed Area Boundary delineatlon by averaging Under development by: + 1/4 pixal.

between recognized drainage patterns
or other indicators of adjacent
watersheds,

Mensuration. Use of contour algo-
rithms for small watersheds.

Rango/Salomonson, GSFCj
M. Deubsch, USGS

Demonstrated in ERTS.
Theory in Reference 8

5% for A=1000 ha.
Better-with border
algoritim.

Surface Friction Inference from land use by multi- Landgrebe, Purdue 85-90%

Coefficient spectral classification, photo- Colwell, U, of Cal, 85-95%
interpretation.

Drainage Denslty Measurement of total length of Polyen - ERTM , +5% .

ard Drainage atreams by contrast enhancement, Salomonson/Hango, GSEC

Pattern density slicing, visual inter-
pretation.

Charmnel Width Subpixel processing. Castruceio/floats . . i;-}/fopni{’fé or tlcal

, Theoretlcal treatment 1y possibl :Dxe.
ECOSYSTEMS

INTERNATIONAL INC.

-241-
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1. Where topographic maps exist, overlays can be made and
adjusted to known benchmarks.

2. Use can be made of the existing Defense Mapping Agency
topographic digital tapes (which cover the entire U.S.

at 100 meter contours).

" 3. VWhere there is overlap in the ERIS pictures, stereo
pairs can be developed from which to measure the slope.
In the future, this stereo capability may become
routinely available in advanced Earth Observation

Satellites.

Table 27 synopsizes the techriques to extract the information
required by hydrologic planning models from the remotely sensed

observables corresponding to each Information element.

6.3 Visual Interpretation of an ERTS Image of a Test Watershed

A test was made to defermine the extent of the information
requirements of Table 25 which can be satisfiéd by amalysks of EEES
imagery. Figure 38 shows a Ux enlargement of a section of a 9%
Band--5 ERTS transparency. Shown is the test watershed at Chi'ckasha,
Oklahoma, and its surroundings. Figure 39 gives a comparable

USGS topographic map. The Ux magnification was chosen to mateh

the scales of the two maps (1:250,000).



TABLE 27

RELATTONSHIP BETWEEN REMOTE SENSING OBSERVABLES

AND TNFORMATTON ELEMENTS REQUIRED BY THE PLANNTNG MODEL

Information
Element Required

Ohsgervable
Parameter

Teclmique

Watershed Area

Ridpe lines and other direct
indlcators.

Drairage pattern of subject
and adjacent basins. ’

Bouridary can be delineated by direct tracing, or by
welghted averaging the separation between drainage
patterns of adjacent basins. Then mensuration can
be performed by pixel count. Contour algoritim’ for
very high precision, or for small wabersheds.

Slmface‘Fridtion

PR

Cover type distribution.

" Use avallable empirical correlations between cover

type, land use and the Chezy or Mamning's coeffielent

Coefficlent Land use. _— to develop a seasonally adjusbed surface friletion
- coefficient. '

Drainage Watershed ared. - -, Measure total length .of streams., Divide by waber=

Denslty Length of streams. shed. )

Drainage Measure -convolution of streams to derdve meander

Patbern | Convolution of streams. coefficlent.

i '_ Measure by using "plxel splitting" in high' contrast
Charmel Width Channel width: situstion between water and surrounding land surface.
Slope Apparent rellef, T i Stereophotogrametry techniques on overlapped imagery.

Channel width, Use existing empirical relationships between charmel
Charmel Flow Drairage densit width, channel meander, drainage pattern to estl-
Capacity & e mate bankfull capacity of chamnel as a functlon of
Drainage pattern. channel length. ‘ T
Soil Permea~ .
bility and : . )
Molsture . Land use, Use solil assoclations: by glassific?.tion.

Statistlcs

ECOSYSTEMS

bl TESNATIQNAL NG,

_th_
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FIGURE 38 4x ERTS IMAGE, CHICKASHA,OKLA.
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TOPOGRAPRIC MA
TEST WATERSHED
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"The general outline of the watershed 1s apparent in the upper
left and central areas of‘the ERTS image. The delineation of the
exact bourdaries. of the basin was accomplished in this case by
comparison with the topographic map, simply because the map was
available. However, where maps are unavailable of of doubtful
reliability, two. methods exist.for determining watershed boun—
daries directly from the ERIS image:

1. The segments lying between streams which drain into the
watershed under study and those which drain away from it
into other watersheds may be divided in some wz::‘ig;hted
fashion. If no other informa;tion is available, division
can occur at their mid-point. Referring to the ERIS
Image, streams which drain info neighboring basins can
be seen at points A through I, while the streams of the
test watershed are shown in the overlsy. By this means,
'seve;ral reference points are established and can be

cormected to form an approximation of the watershed area.

2. In regions where the land relief Is pronounced, ridge lines
are visible and can be followed to delimit the drainage
area. The average slope in the Chickasha wafershed 1s
less than 6%, however, so this method is not reliable for

this case.
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The determination of drainage pattern and density builds upon

fhe information derived above. Referring to the image and the
overlay, t_he central charmel is visible as a light gray strip
ruming almost North to South. Secordary ard tertiary chamnels are
also visible.

An advantage of ERIS imagery is apparent here. This image was taken
in October of the year when vegetation density is low. This

makes obvious streams which might not have been apparent in the
aerial photographs from which the topographic maps are made.

This appears to be the case at this location. More streams' can

be seen from the ERTS image than ave recorded on the map,

yielding an improved measure of drainage density. Stream lengtl';
may be measured directly from the ERTS image and dlvided by

watershed avea to yileld drainage density.

Drainage pattern, in this case one central channel branching into
several ancillary streams, is immediately apparent. A second
advantage of ERTS image analysis is clear. The USGS has noted that
a majority of the secondary streams of this wabershed are ephemeral,
that 1s, water does not always fiow in them. Actual drainage
density, therefore, may change seasonally. Consequently, unneces-
sary errors could be introduced into hydrologic models. The high
frequency return period of ERTS provides the capability of measure-

ment of drainage density at time intervals adequate to-insure accuracy.
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An important measurement 1s the determination of channel width,
which, as noted earlier, is a determinant of flocd potential.
The channel bowdaries are visible on the Ux enlargement and
more apparent on the 8x magnif‘i.catic;n (Figure 40). A precise
measurement would require sub-pixel processing or a quantitative

examiration of the contrast between land and water on the lmage.

A combination of drainage density and pattern and of channel width
Information will yleld an indirect measure of channel cafrying

capacity, as described in Section 4.

To measure surface frictlion ERIS 1mager,y can improve surface cover
estimation. Yor example, ARS records -for thils watershed show .

- cover to be 48% sowed crops, UU% row crops, and 8% alfalfa:

This most recently published data is from 1967. It is clear from
the image that changes have taken place since: for example,

about 207 of the watershed is covered with forest, exemplified by
the dark gray areas surrounding streams. This is confirmed by the
location of shaded (forest) areas on the USGS map. Further, changes
.In.cover can be expected to take place seasonally. These fluckt-

uations can cause up to a tenfold change in overland flow velocity.

Other types of cover are equally visible. Surface water appears
as very dark areas on the positive. Large bodiés such as Fort
Cobb Reservoir (lower left) and Lake Chickasha (lower right) are

examples. Smaller bodies form black spots, as called out on the
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overlay. Here again, 1t is clear that scme changes have taken place
since the topographic map was assembled. For example, a new
impoundment exists on Wildecat Creek (point J). .

Urban areas can also be noted. Binger, a town of population 603,
lies within the watershed and can be distinguished as a rectang-

wlar area at point K. Even more geometric regularity is present

in cultivated areas.

No effort was made at this Juncture to infer subsﬁrface para—
meters from the ERTS image. The subsurface parameters are in

this case available from records. In combination with such infor-
mation, it appears that techniques for extracting information from
ERTS imagery, when fully operationsl, could play -a significant role
in supplying data required by hydrologic plamning models.
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7.0 CONCLUSIONS

An improved model for the prediction of peak flow
events has been structured, which is specifically
designed to take maximum advantage of the data and

information stream available from remote sensing.

The development of the model has been carried to the
point where the overall framework has been con-

structed and five modules simulating the behavior

of sipgnificant hydrologic processes have been developed.

The improved model 1s considerably more sophis-
ticated than conventional hydrologic planning models.
In particular, its modules are not simply inter-
connected, but require feedback. In spite of this
grea£ér complexity, however, the model. is readily
adaptable to analog computation with modest amounts
of hardware. Prelimlinary sizing shows that the
technique can also be programmed onte one of the

smaller types of diglital minicomputers.

The model was exercised -~ not in its fully inter-
comected form, but rather in a simplified version --
to predict the peak runoff from nine experimental

Agricﬁltural Research Service watersheds, selected
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at random from among a set of 158 instrumented and

well~described watersheds,

The predictions of the new model in its-simplified

version were tested against:

"a. The predictions from three of the most employed

contemporary planning models -~ i.e., the Fational

formula method, Cook's method, and the Soil
Conservation Service method. '
b. The streamgége records of the nine test water-

sheds.

The results indicate that, within the range of
applicabllity of its simplified version, the new
model appears to be considerably more accurate

than conventional hydrologic planning models.
Specifically, in six out of nine of the watersheds
tested, the new model supplied predictions of peak
flow for the 50-year event falling within error
bounds of + 15%. For these same six watersheds,
conventional models yielded discrepancies with res-
pect to the records ranging from 2 minimum of

1.2 to 1 to a maximum of 15 to 1. For the 3 remain-
ing watersheds, the new model yielded predictions
of lesser accuracy -- the worst being 2-to‘1.

Reasonable explanations for the discrepancy are:
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The fact-of having oversimplified the model by
not operating it in its fully interconnected
version. )

The three watersheds are considerably more com-
plex than the other six, and they need to be
split into subwatersheds, predicting the output
from these, then routing all outputs through
the watershed channels. This technique, which

appears to be-well in hand, is proposed for

future phases of the effort.

The appropriate techniques whereby to extract the

inputs and parameters required by the new model

from remotely sensed information -- whether ilmagery

or digital tapes -- were explicitly defined. Their

‘feasibility was ldentified from specific past and

ongoing, ERTS investigator efforts.



8.0 APPENDIX

The Appendix, which summarizes pertinent data for the

158 ARS test watersheds, includes the following infor-

mation:

-]

Qo

Watershed number
Location

Area

Slope

Shape

Shape correction factor

Time of concentration in hours and minutes

PREGEDﬁWiIUﬁﬂEiHﬂﬂNKZbKH?FH]MED-'



IRITOON ATION A

Shest_1 of 12
TEST WATERSHED DATA
Locator req ime of |
code | L-Ocation A{ ha) Slope | Shape c onceniraticn
' Hrs, Mins.
N. DANVILIE, VT, : _
AL V-1 4293.8 320 | 1.32 .79 47,4
A2 W2 59.1 85 P Eaeow | Lso .16 9.8
A3 V-3 836.5 139 I Eil=rL7w 187 ..43 25.9
Al Wb 4351.3 158 {wiralsul 1.73 .88 | 52,7
A5 V-5 11116.6 139 io 1.13 .95 57.3
COSHOCTON, O.
B6 45 i41.2 155 [E:I=1.9W] 1.55 .22 13.0
B7 #10 49.4° 1 162 {E:a~i.7Wl 1.47 .14 8.2
ES 292 372.3 66 e 1.13 .25 14,8
B9 #ol 615.1 159 {EeL vl 147 1 .36 21.8
810 #95 1040.1 169 |warstawl 1.6 A7 28.0
P11 #q7 1853.5 . .1?2- E:l=2.2W{ 1,67 .60 35.8
Bl2 #194 75.7 172 iso 1 12 7.1
B13 #196 1125 a62 e 1.13 .16 9.5
B14 4994 7082.2 172 -1E:I~2.5% ] 1.78 1.05 2.9
CODE~ R= RSCTAHGLE 89z SQUARE T QIRCLE
" gegLupsE Te TRIANGLE  WeWEDQE ECOSYSTEMS

INC


http:E:L=2.2W
http:E;Irl.TW
http:W:L=I.5W

Sheet__ 2 of 12

INTERNATIONAL INC.

'TEST WATERSHED- DATA
Location . Area ime of |
code | LoOOCation (h Siope Shape C onceniration

- a) -

_ Hrs, -Mins.
BLACKSBURG, VA.

Ci5 T.C.: V-1 1235.9 123 [ E:I=2.6W 1.82 62 37.2
. C16.{ B:C., sW=1 ~361.4 160 | E:I~1.7W] 1.47 .30 17.8
c17 C.C.:W-1 318.1 119 | so 1 .23 4.3
ci8 | - P.C.:W-1 73.7. 085 | W:L=2W 2 .26 15.6
C19 . L.W.C:W-1 595:3 055 ¢ 1.13 A5 27.2
c20  CLRIW-1 818.7 L,200 | T 1.3 .34 20.6
c21] R.R.B.:W-1 22146 056 | wir=aw | 2 48 28.8
c22 P.M.B.:W-1 7.7 081 | ¢ -1 .16 9.7
c23 F.C:W-1 157.4 062 | E:I~1.8W 1.51 .32 19.0
col C.B.W.:W-1 428.2 152 | Reisbd 217 431 264

STAUNTON, VA. - -
¢25 WAl 157.8 45 | R:I=3.2W 1.79 .26 15.6
c26 W-TT 983.4 V126 | R:I=1.3W 1.14 391 235
c27 W-III 2486.4 L1482 | R:I=2.5W 1.6 .69 1.7

HIGH PT., N.C. ' . :
D28 W-1 8539.1 .072 E:L=2.3‘;~1 1.71 1.52 91.7
CODE- Rs RECTANGLE  SQs SQUARE  C= CIRCLE
Ex ELLIPSE “Ts TRIANBLE  WaWEDGE ECOSYSTEMS -


http:R:L=2.5V
http:R:L-1.3V
http:R:L=3.2V
http:R:LU4.7V
http:E:L=2.6W

Shest 3 of 12

TEST WATERSHED DATA
) Areg e of .
Lol 4 ocation Sicpe- | Shaps | © onoeniration
Cods {ha} . Y >
- . s, iiins,
p291] - W-IT | mes.s | Lo72 | Bie2.0W  1.93 1,27 76.4
30 | W-TTT 2925.9 | .16 m .32 | . b2y
AHOSKIE, MN.C. - i -
D31 Woil 14763.3 011 | Eosm 3 1,98 5.35 1 261.2 -
p32 W-A2 6216‘.3_; - ,109 5 1 .76 5.8
D33 W3 958.3 016 'te 1.13 1.05 62.9
D3l W-pll 673.4 .03 le 1.13 . .83 49.7
OXFORD, MISS. _ -
. B35 B KA 809.4 G Rel=1.0WF 1.4 Rt 26.6
E35 C WS ' 457.3 §- .088 =0 1 .30 18.2
E37  Wao 2238.0 ESUER K. 1,32 63 -1 37.6
738 §12 9227.0 108 §Eideow |1.59 1.29 77.5
E39 W-17 12990.7 096 ¢ 1.13 1.17 70.1
EUO =19 98.3 | .12 {7T b o132 1 a8 10,7
B4 V2l 206, 8 az iT. 1 132 f- .23 13.9
Ehp . W28 437.1 Jd23 [ Ril=2.6W] 1.61 .38 22.7
CODE- Re RECTAWGLE  SQs SGUSRE s CIRGLE
ECOSYSTEMS

Es ELLIPSE T= TRIAKGLE  WeWEDSE INTERNATIONAL INC.



Shagt of __12
TEST WATERSHED 0ATA
Looatior| ) Area ime of
cods | LoOcation {ha). Slope | Shaps c Eoncen?*ahm
pins.
E43 30, 45,7 105 (¢ 1.13 .13 7.7
iy C W32 8093.9 | .08% jc 1.3 1.0 60
B45 W3l 30352.1 087 T 1.32 S 1,90 § 113.8
E46 W-35 3055.4 O7h BE:l~2.5Wf 1.78 1.05 63.0
COLBY, WISC.
Fit7 Wl 139.6 .025  {R:iL=2W 1,41 Jio 23.1
TOWA CTTY, TOWA .
FU§ S 779.4 JA03 0 (E:I=3.48W1 2.09 .62 37.0
FENNIVORE, WISC. )
Flig W-1 133.5 .08 E:1=2.14i 1.53 .29 i7.1
F50 W-4 69.2 .05 C 1.13 .20 12.0
51 COON VALLEY,WISC _
' W-1 19991.9 .193 ¢ 1.13 1.05 53.3
F52 W-2 19969.2 200 ¢ 1.13 1.04 §  62.4
NEWELL, S.D.
053 W2 36,5 L1314 E:l=2LE 1,75 .18 10.6
as54 o2 i2.5 L1348 § R:I=2.BW{ 1.67 .17 .10
G55 YT 64.8 075 R:l-2.79 1.64 .23 13.6
G56 W-8 6h.8 122 1 E:I=1.58 1.38 .16 9.7
CODE~ R3 RECTANGLE  S0= SOUARE G2 CIRMLE
£ ELLIPSE Tw YRIAMGLE  WaWSDOE ECOSYSTEMS

INTERNATIONAL INC,


http:R:L=2.BW
http:E:L=3.4W
http:E:L-2.5W

Sheet > of 12

TEST WATERSHED DATA

L ocation . Area ime of |
cods | L-OcCation Cha) Siope | Shope .C oncentration

: L Hrs. Mins.
és'( . -9 329.8 .091 [R:I=4.3wl 2.07 46 27.7
658 ;o W-10 .113.3 180 |7 1.32 A7 10.0°
059 W-11 1 648 L1022 W:I=1.6W 1.79 - 21 12.7
60| - w3 648 | 059 |wa=sw | 2.45 .33 19.9
e61 W-15 46.5 051 juw:I=b.suw] 3 .36 21.7
a62 . w16 - -]5261.0 | 063 |E:ste2w | 1.59 1.29 77.6

SHENANDOAH, IOWA . _ .
HE3 W-1 51800.9 .072 R:I[=10W 3.16 - h.91 294.6
u6h R AL . lerios.s | 061 {Ri=13w | 3.61. 1,52 271.k
HASTINGS, NEB. _ ' :

HE5 W-3 194.7 .059 1E:1=1.5w} 1.38 .33 19.6
H66 w5 166.3 061 Vv:r=ow 2 A1 24.8
HET{ - w8 8hiy.2 057 |BiF2 W) 1.85 .73 43,7
H68 CoW-1l 1412.7 053  |E:I=3.8Wj 2.20 -1.04 62.7
" | TREYNOR, TOWA | :
HA9 W-3 - © 43,3 076 T 1.32 .16 9.8
HT0 Wk 60.7 073 T 1.32 .19 11.4

CODE~ R= RECTANGLE  $Qs SQUARE  CxCiRCLE

ECOSYSTEMS

ExELLIPSE T = TRIANGLE WrWEDSE INTERNATIONAL INC.


http:E:Ltl.5W
http:R:IL=4.31

Sheet_6 of 12

-TEST WATERSHED DATA

‘g‘;ﬁ:’“ Location T:;)' Sicpe | Shaps C ggg’%&?ftw@iw
Hrs, Mins.
i1 | W5 157.4 1 076 {Ed=2W | 1.59 31 18.7‘

. { CHICKASEA, OKI&. | -

172 110 10178.1§ .053 |7 1.32 1.55 92.7
1.73 11 6738.1 1 056 ¢ 1.13 1.15 68.7
| | 121 15320831 .58 lEaeow | 159 | 335 | 189.2
175 131 102384.5 § .0B5H | Bi=ow 1.59 1.78 107.0
176 - 311 £153.8 LOH3 P WiLe3W 2.5 2.17 igo.o
77 u11 b 1385t o iz 1 1.5 | 6.8
I78% - 511 IBTHE.T | L0N3 §Wi=2.8% 2,37 3.03 182.0
179 512 9205,8 1 .080 { R:I~2.5W 1.58 1.63 97.7
180 513 59834 | .OB7 | Wil=bw | 2 1;69 101.5
. I8 514 2926,3 1 .061 1W:il=3 | 1.73 1.12 66.9
182 522 53796.01 .025 1 E:I=1.54 138 3.95 | 237.3
183 611 1960.7 ] .0N7 [ RiIeTSW I 1.67 1.12 67.3
184 612 227.81 063 {¢ 1.13 .30 17.8

CQDE~ Fs RECTAWNGLE $Q= SQUARE Gu CIRCLE

, ECOSYSTEMS
IE » % =
EaELLIP T= TRIAMGLE  WeWEDSE INTERNATIONAL INC,



Sheet_ 7 _of 12

—-. v 1

' TEST WATERSHED DATA
) a ime of .
Lc“i o L.ocation ‘i’: ) Siope | Shape C Eoncenimhm
u a Hrs. WMins,
185 521 862k.0 Lol e 1 1.26 75.6
| 186. 5141 1644 .7 051 | Wil=2.8W 2.37 1.19 71.4
i
| 187 5142 5.7 | .08 |c 123 | .28 16.6
188 5143 196.7 | .o49 | wlesw | 2.0 A8 28.8
189 5144 580.2 .08 {'BiL=av 1.6 62 7.1
| . SWs 102.58 | .005 |E:I~ow 1.55 .24 14,2
191 | 5146 1 s08.8 | Lot |Eieow | 1.59 4| 245
STILIWATFR, OKLA.
19 1. W=l 83.14 073 FEI=2.20] 1.78 .26 15.8
VECA, TEX.
J93 W-1 52.2. 026 |7 1.32 .27 16
|  WACO, TEX. '
Jou c 234, 3 020 Vwel=1.2W) 1.55 .58 3.9
\ J95 D yig. 2 021 |win=pv 2.0 .91 54,8
J96 G . . 1772.86 .021 Wil=21 2.0 1.55 93
JoT J 2371.5 022 {R:I=lw 2 1,67 99.7
: J98 Y1 ) 71.2 022 E:l=2W 1.59 374, 22.2

070%- Rs RECTANGLE  8Q= SQUARE  Ca(iRCLE
ECOSYSTEMS

EsELLIPSE T & TRIAMGLE WaWEDGE INTERNATIONAL INC.


http:W:L=1.2W
http:E:L=2.2W

Sheet o of 1<
TEST WATERSHED DATA
Location . Area : ime of
cods | LOcCatiON . {r y | Siope | Shape C Eomentra‘hcfn
ho}
: . Hrs Mins.
J9g W-2 52.6 025 |E:I=2W 1.59 .31 18.4
J100 Y c125.1 | .02 T 1.32 .39 23,1
J101 Y-2 53.4 { 026 | 1 22 | 13.0
J102 7 125.5 | .018 |T 1.32 " k3 25.8
. SONORA, TEX. _ ). :
X103 W-14 12832.2 | L036 lw:reow 2.0 2.67 159.9
K104 S-9 717.9 | 017 e 1.13 7T 5.9
K105 S-10 2182.1 | .028 w:=2.5w{ z.28 "1 1.60 | 96.0
K106 511 n365.4 | 031 {w:r=1.7 | 1.84 1.73 | 103.6
K107 S-12 1133.5 | .43 Jc 1.13 .64 38.3
K108 ' 8-13 277.6 | .o54 iE:1=1.81§ 1.34 .23 13.9
| ALEUGUERGUE, N.M. : :
1109 W-1 50.5.1 .183 |jw:r~2.5W 1} 2.24 AT 10.0
L110 47.0001 99.6 | .183 - 1.32 .16 9.6
1111 W-111 © 68.0 | .085 lw:I=ow 2 25 15.1
MEXICAN SP., N.M.
1112 _' H-1 75.7 .054 E:L=l.lllwl 1.34 .23 13.9
CCDE- R= RECTANGLE £4» SQUARE Cx= CiRCLE o
E=ELLIPSE Tx TRIAMLE  WeWEDRE ECOSYSTEMS

INTERNATIONAL INC.




3 IR T R NS

TEST WATERSHED DATA .

- . Areq Time of .
Lecat™] | oeation Siepe | Shape | C  1Corcentration
Code {ha} ;

. Mrs Mins
1113 W2 286,9 1 -.3%50 Rilsl.5w ] 1.22 .16 9.8
La1k W-111. : 536,2 .290. T 132 .26 15.5 -
1115 W 20864 275 T .32 4§ U6 27.5
11116 o 3437.9 LM Bersvsw o 1.7 .82 49.2
L117 {8 tewse2 1229 @ - a3 76 1 45,9
1318 - W-310 6863,8 255 T 1.32 . 1.13 67.7
1319 w1l 18648.3 1 .220 ip 1,32 g o292
1120 H-12 1032.0 ,150 Rel=2.6% | 1.61 © .58 1 3.5
1121 W13 1359.8 .198  W:I=w | 2.0 58 ¢ 345
Liz2 W-1l4 1545, 7 35 Haie2 bW 17k 4277 25.6
1123 Y15 1918.3 238 R:i=hy ) 2 61 36.7
SANTA FE, N.M , : . .
Li2k i V-1 57.1 086 Bni=cw | 1.1 .18 10.6
razsl - war 319.7 084 Ril-d.1w | 2.02 .6 27.7
SAFFORD, ARTZ. ‘ ,
M126 W-1 210.0 020 R:1=5,3 2.3 .78 §5.3
. i -
QUDE- R=RECTAWOLZ  §0= SQUARE  CsOIRGIS :
E=ELLIPSE . T TRIAGLE  WeWEDGE ECOSYSTEMS

INTERNATIONAL INC.



http:fW:L=!.6W

TEST WATERSHED DATA
Locatier . Arsa | | ime of
cose | L-0COiiORN (ha) Slgpe | Shapa G __Esmsnmim
: . Hrs, Mins,
M127 W-1l 376.0 § 170 BulsTvi | 2.65 J1boous
128 W-IV 309.2 | 120 mii=ow ! 3.38 59 1 .5
129 W5 202.6 | .10 e | 3.19 57 | 3.3
TOMRSTONE, ARTZ. - ; -
M130 W-b 9510.3 | .107 IE:Ie2.5 | 1.78 . | 1.4 | 84.6
M131 63.007 1351.7 1190 7 1.32 : -.52" 31.2
Mi32 63.008 1550.0 | .11z  |wil=Sw- | 3.16 1.07 - | 64.3
M133 '63.001 823.6 | .120  Imizeow | 1.59 48 | 28.9
L3 " 63.111 57.9. | .129 |R:le2W | 1.41 16 9.4
FMMETT, IDAHO .
N135 B - 88.6 .203 H:i=5.0 }| 2.43 15 8.8
Ni36 | MOSCOW, IDAHO 5.5 | .160 Imereow 111 b .1 | 8.3
N137 72.0 | .168° | R:l=1.7W} 1.30 © .15 * 8.8
1136 | Top et je1003.6 | agn |Reresw | 2.23 | 1.81 | 108.6
N139 M.F.C. 7122.6 | .163 | Rul=t.iw| 2.10 87 1 52.4
N120 | F.M.C. 18615.9 4 .178  |RiI=w | LT3 1.3 89.0
CORE~ Ra RECTANGLE 80% SoUARE Ga GIRCLE i -
E3 ELLIPSE Te TRIAMOLE:  WewEDogE - ECOSYSTEMS

INTERNATIONAL INC.


http:R:L=4.4W
http:R:L=I.7W

Sheat 11 of 17

TEST WATERSHED DATA

Loegtion . Area ire of .

Location Siops | Shaps c onceniraticn
Code {ha) | .

Hrs. Bins.

NI41 6.8 7 6758.4 162 lp:r=b.ov| 2.05 .86 51.1
N1h2 2.8 8 308.4 L1748 R:I=3u 1.73 .31 18.6
N143 6.8 9 355.7 167 IE:I=2.7i] 1.85 .27 16.3
N1hh G.s 10 1792.8 171 {RiI=1.8 | 1.34 .50 20.2

REYNOLDS, TDAHO _
o145 -1 b3350.9 176 lw:isl.ow! 1.95 1.77 105.9
0146 W2 3638.2 3h2 |lso 1 RO TR
0147 V-3 3175.2 297 |waleow 2 .70 2.0
0148 S sutayy 4 | oL1a7 | 1.13 .73 43.6
0149 ¥e11 123.8 | .286 lmer=tw | 2 .20 12.2
0150 Wel2 83.0 L2hy Pl T 1.3 .13 7.8
0151, W13 40.5 217 (wii=1.6v] 1.79 .13 7.9

SANTA PAULA, CAL. :
P152 -1 167.1 76 R:I=1.7 1.30 14 8.1
F153 w111 12,9 | .503 {P:=2.0¢| 1.55 .08 4.6
P154 y-6 66.0 062 jRize2.ov]| 1.48 .21 12.5

CCOE- Rx REGTANGLE  SQ= SQUARE Gz CIRCLE
ESELLIPSE  T» TRIANGLE  WeWEDGE ECOSYSTEMS

INTERNATIONAL INC.


http:PtL=2.4W
http:P:LA4.2W

anest_1<. of i<

TEST . WATERSHED. DATA
wul e . Area ime of .
code | LOCation il \ Siope | Shape C E‘omenm’hm
_ { ha} -
. Hrs. fins,
P155 Honda 297.5 | .31 lR:ssw | 2.25 .19 11.6
P156 | Mi1lfgan 656.3 2637 IR:T=6W 2.45 .20 17.3 7
P157 Pericins 741.4 220 lr:z=6uw | 2.35 33 | 195
P158 ‘Horda, Calo. |2803.5 | .188 . |R:I=2.tw| 1.55 5l 33.7
CODE- Rs FEGT&N’GLE 8G= SQUARE G= GIRCLE
' ' ECOSYSTEMS

E+ ELLIPSE T TRIANGLE  W=WEDGE INTERNATIONAL INC.
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