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ABSTRACT

Urban development on any natural drainage basin causes marked changes in the run-
off characteristics of the basin. Urbanization alters natural drainage channels and reduces
average infiltration rates. Thus, flood conditions are enhanced both within the urbanizing
area itself and at downstream locations, where existing channels might not be able to cope
with the increased rates of water flow.

The Olympus Cove area in Salt Lake County is undergoing rapid urban development,
and potential flood hazards within the area and at downstream locations are thereby in-
creasing. Recognizing this situation, officials of the Salt Lake County took the initiative
in organizing an ‘ad hoc’ interagency technical team to study and evaluate the problem.
The particular responsibilities which were undertaken by the representatives of the Utah
Water Research Laboratory on this study team were to synthesize all existing information,
and that which might be developed during the study period, and on this basis to formulate
computer models to represent the hydrology of the area.

The report describes the model development process and discusses the application
of the models to the three source areas being considered, namely: (1) the Neff’s Canyon
drainage; (2) the northern slopes of Mt. Olympus; and (3) the urbanizing area of Olym-
pus Cove. Runoff from short-term, high-intensity, convective storms is emphasized.
Hydrologic response was found to be particularly sensitive to the magnitude of the run-
off producing event and to the soil moisture conditions immediately preceding the
storm event (antecedent). Graphical methods are presented for estimating peak runoff
rates and flood damages as a function of storm recurrence interval, antecedent soil mois-
ture, and degree of urbanization. Finally, recommendations are included for the manage-
ment of the area under conditions of continuing urban development.
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CHAPTER 1

INTRODUCTION

Urban development throughout the United
States has been occurring rapidly during the past quar-
ter century, and the Salt Lake City area is no excep-
tion. The rate of urbanization within Salt Lake Coun-
ty has been particularly high along the foothills of the
Wasatch Mountains to the east of the City. In fact, at
some locations on the so-called ‘east bench,’ subdivi-
sions for permanent home construction are now being
extended up the lower slopes of the mountains them-
selves and into the canyon drainage channels.

Urban development on any natural drainage area
causes changes in the runoff characteristics. Chow
(1964) outlines some of the hydrologic effects of ur-
banization as follows: :

Decreased infiltration, resulting in increased flood
flows and lowered groundwater levels. Occasional
flooding at channel constrictions (culverts) on re-
maining small streams. Occasional overlapping or
undermining of banks of artificial channels on
small streams.

Under urban development, ground surfaces
which were formerly covered by native vegetation and
rocks are occupied by roofs, streets, parking lots, and
lawns. Thus, average soil infiltration rates often are
lowered, drainage channels are altered (sometimes com-
pletely blocked), and slopes, stripped of native vegeta-
tion and disturbed by construction methods, frequent-
ly are made less stable. Quoting from the recent pub-
lication of the U.S. Geological Survey (Schneider et
al., 1973), “The concentration of people in urban ar-
eas modifies the natural landscape, bringing about wa-
ter problems that strongly affect their daily lives.”

Because of the changes which it imposes on the
watershed, and therefore on the hydrologic system,
urbanization frequently tends to increase both volumes
and intensities of surface runoff. Thus, flood condi-
tions are enhanced, not only within the urbanizing area
itself, but also at downstream locations where existing
channels might not be able to cope with the increased
flows of water (and often sediment). A further prob-
lem for the developing areas of the east bench in Salt
Lake County are the large flood flows which frequent-
ly originate at upper levels on the adjacent mountains
from both high intensity storms and rapid snowmelt.

One of the areas within the county which is un-
dergoing rapid urban development and which is partic-
ularly subject to flooding is situated near the mouth
of Mill Creek Canyon on the lower slopes of Mt. Olym-
pus, and is known as the Mt. Olympus Cove area, or
simply as the Olympus Cove area. Under normal con-
ditions surface runoff from the higher slopes of Mt.
Olympus flows down Neff’s Canyon and through the
cove in a series of natural channels. Under predevelop-
ment conditions surface runoff from much of the Ol-
ympus Cove area itself followed this general drainage
pattern to Mill Creek. In many cases, roads and build-
ings now intersect these natural channels and often de-
flect surface runoff waters on courses which do not
convey the drainage to points of natural outflow. The
resulting movement of surface waters down slopes
which are not provided with either natural or man-
made drainage channels frequently causes flooding and
erosion problems. Urbanization has increased surface
runoff rates from storms and snowmelt which occur
within the Olympus Cove area itself, but the problem
is further aggravated because flows which enter the
area from higher levels on the mountain now have less
opportunity to infiltrate. Already some flood damages
have been experienced within the cove and in subdivi-
sions farther down the slope which have received flood
flows from the developing area.

Recognizing the possibility that potential flood

. hazards were being produced by the rapid urban devel-

opment of the Olympus Cove area, officials of Salt
Lake County moved to evaluate the magnitude of the
problem and to develop a set of recommendations for
its solution (Poletto, 1973). Through the initiative of
the County Planning Commission an ‘ad hoc’ study
team was formed in January 1973. This team consis-

_ted of representatives of the County Planning Commis-

sion, the U.S. Soil Conservation Service, the U.S. For-
est Service, the U.S. Army Corps of Engineers, the
Utah Geological and Mineral Survey, and the Utah
Water Research Laboratory at Utah State University.
This team was asked to assess the flood problem of
the Olympus Cove area and to make specific recom-
mendations regarding ways in which the potential
flood hazards might be minimized. Each agency or
group accepted a particular task, and the responsibility
which was assigned to the Utah Water Research Labor-
atory (UWRL) was to synthesize all existing informa-



tion and that which might be developed during the
study period, and on this basis to formulate computer
models to represent the hydrology of the area. It was
recognized that the model development procedure not
only would produce an improved understanding of the
mechanics of the runoff processes within the area, but
also would provide a technique for making realistic
predictions of changes in the runoff characteristics as

a result of further urbanization. This report summar-
izes the steps which were followed in the general de-
velopment of the hydrologic model, and discusses the
results of its specific application to the Olympus Cove
area. The report also demonstrates the practical utility
of this approach as a planning and management tech-
nique for the Olympus Cove area and for other similar
urbanizing areas within Salt Lake County.



CHAPTER 11

THE STUDY AREA

Location

The location of the Olympus Cove area with re-
spect to the general drainage pattern within the easter-
ly part of Salt Lake County is shown by Figure 1. The
cove itself is shown in greater detail by Figure 2. As
indicated by this figure, Olympus Cove is a crescent-
shaped area which is bounded on the north by that
portion of Mill Creek which extends between the can-
yon mouth and Wasatch Boulevard. Between Wasatch
Boulevard on the west and the Wasatch National For-
est on the east, the area skirts the base of the steeply

sloping Wasatch mountains to a vaguely defined bound-

ary approximately two miles to the south.

Drainage Patterns

Three primary sources of surface runoff are in-
volved in this study, and these areas are identified as
follows: (1) the cove area itself; (2) Neff’s Canyon;
and (3) the northerly slopes of Mount Olympus. The
cove area is situated largely on an alluvial fan formed
by drainage flows from Neff’s Canyon and from the
north slopes of Mt. Olympus. The major drainage
pattern through the area consists of a series of small
channels formed by outflows from Neff’s Canyon
which traverse the alluvial fan and eventually join Mill
Creek at several locations. In addition, several other
poorly defined channels carry intermittent flows to
the cove from the steep slopes of Mt. Olympus. It is
these intermittent flows, including those from Neff’s
Canyon, which are causing much of the concern about
flooding in the area.

Topography

The general topography of the cove is shown by
Figure 2, which indicates that the area slopes generally
in a northwesterly direction. Surface slopes are mostly
flat at the north end of the area, ranging between 3
and 8 percent. In the southerly portions of the cove
slopes increase sharply and in some cases exceed 45
percent (Van Horn, 1972; Kaliser, 1973).

Geology

Quoting from a recent report by Kaliser (1973):

The (Olympus) Cove area itself is largely an alluv-
ial fan. In the northeast the alluvium of the fan
abuts against bedrock with a more or less clear
break in slope at the contact, but in the south-
east the break in slope is not well defined. The
alluvium in the fan consists of interrelated muds,
sands, and gravels of great thickness. A complex
interfingering exists at depth, with better sorted
and stratified silts, sands, and gravels that were
deposited in Lake Bonneville through the course
of multiple regressions and incursions of its
shoreline.

Van Horn (1972) ranks the slopes throughout
the vast majority of the cove as being ‘most stable’
(class 1). Only at the upper elevations in the souther-
ly portion of the area do slopes occur which are rated
as ‘generally stable’ (class 2) and ‘moderately stable’
(class 3). Thus, it would be expected that foundation
conditions throughout the cove are generally well
drained and stable. Only under conditions of high run-
off rates on exposed slopes have problems been exper-
ienced from the movement of surface material (Polet-
to, 1973).

Vegetation

Watershed vegetation can profoundly influence
runoff characteristics. The above-ground portions of
plants and their associated litter deposits protect the
soil surface, and thus enhance infiltration and reduce
erosion. The plant roots help to anchor the soil and
stabilize slopes. In addition, the roots extract mois-
ture from the soil, which then has a capacity to store
subsequent recharges which occur through infiltration
and the downslope movement of soil moisture. The
effects of the vegetative cover are to a large degree
dependent upon the density and depth of the rooting
system. Thus, trees with their generally massive and
deep rooting systems tend to provide greater slope
stability than do grasses. Under urban development,
areas of native trees and shrubs are replaced by com-
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pacted lawns, for which rooting depths are shallow
and infiltration rates are relatively low.

The dominant native vegetation of the Olympus
Cove area consists of scrub oak and brush-type vege-
tation, with some grass, and minor amounts of timber
in the north-facing canyons (U.S. Forest Service,
1973). These shrubs have strong root systems which
provide surface stability to the steep slopes, and at the
same time foster good infiltration characteristics. At
the higher elevations above the subdivisions, particu-
larly on the north face of Mt. Olympus, large areas of
steeply sloping rock occur with no soil mantle or veg-
etative cover.

Climate

Precipitation

All runoff from a watershed area originates as
some form of precipitation, and precipitation pat-
terns, frequently modified by snow storage, to a very
large degree affect flooding conditions. The influence
of the Wasatch Mountain Range on the general pre-
cipitation pattern throughout the easterly portion of
Salt Lake County is shown by Figure 3 (U.S. Weather
Bureau, 1962; Kaliser, 1973). As suggested by this
figure, more than two-thirds of the total average an-
nual precipitation along the Wasatch Front occurs

NORMAL ANNUAL AND MAY —SEPTEMBER PRECIPITATION
1931-1960
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Figure 3. Isolines of annual and summer precipitation on the east bench area of Salt Lake County (after Kaliser,

1973).



during the winter months, mostly in the form of
snow. Winter storms are mostly orographic in nature
in that the cooling process which induces precipita-
tion is caused by the lifting of the air currents as they
pass from west to east over the mountain front. In
summer moist air reaches Salt Lake City from both
the Gulf of Mexico and the Pacific Ocean. At this
time of year the uneven heating of the ground surface
is a common cause of vertical lifting, leading to high
intensity convective storms of short durations and of
small aerial extent. Because the thunder or ‘cloud-
burst’ type of storm is common in the mountains
during the summer months, the Wasatch Range has
aless significant influence on the precipitation pat-
terns of the summer than that of the winter.

Temperatures

The warming temperatures of spring induce
new leaf and vegetative growth. The warm summer
temperatures cause high potential rates of water use
by plants, so that water supplies which are stored in
the soil from the snowmelt period or from a summer
rain are rapidly depleted. The cooling autumn tem-
peratures again produce significant changes in the
hydrologic environment. Changes in the general
patterns of mass air movement alters precipitation
characteristics, leaves fall, and evapotranspiration
rates on a watershed decrease markedly. Thus, air
temperatures and the changing seasons have a signif-
icant influence on the performance characteristics of
a hydrologic system.

Surface air temperatures in the Salt Lake area
are subject to a wide range of seasonal fluctuation,
which may vary from an average January temperature
of 289F to a July average of 77°F. The normal grow-
ing season is the seven month period of April through
October. Like precipitation, air temperatures are
strongly influenced by topography, with tempera-
tures generally decreasing with altitude in the Wa-
satch Range.

Flood Characteristics

In the past, runoff from the mountain slopes
has caused only minor flooding problems during the
snowmelt period in the Olympus Cove area. Al-
though melting snows usually produce large runoff
volumes, in most seasons the melting is gradual and
disasterous peak flows do not occur. The type of

flood caused by convective storms or cloudburst
rainfall is the main concern of this study. This kind
of storm event usually lasts less than three hours, but
occurs in a small area with a high intensity.

According to analyses by the Corps of Engineers
(1969), ‘rapid melting of the mountain snowpack pro-
duces a large volume of water over a long period of
time, but with smaller peak flows than cloudburst
floods.” However, because total runoff volumes gener-
ated by convective storms in general are relatively low,
peak flows of flood proportions usually occur near ar-
eas of the incidence of the rainfall. As cited by Cald-
well, Richards and Sorensen, Inc. (1966), one of the
factors which controlthe rate of runoff at any pointis
the total tributary area to that point. Thus, high run-
off rates from thunderstorms usually are associated
with small runoff producing areas. As these flows
move downstream in larger watersheds, peak flows
are reduced by storage effects, so that for a stream
such as Mill Creek all of the major flows have been
the result of snowmelt conditions. Sufficient records
on small watersheds along the Wasatch Front in Salt
‘Lake County are not available to permit a quantita-
tive analysis of the comparative effects of thunder-
storm and snowmelt runoff for small source areas.
On the basis of hydrologic experience from other ar-
eas where similar runoff producing conditions exist,
a runoff versus frequency curve of the kind illustra-
ted by Figure 4 might be expected for the drainage
areas above Olympus Cove. The curve suggests that
for small watersheds, flows of high frequency (retum
periods of 10 years or less, for example) snowmelt us-
ually is the source of the water. However, for flows
of lower frequencies, thunderstorms tend to predom-
inate as the source of the runoff.

Because of the high intensity and short dura-
tion characteristics of convective storms, it is normal
for only a relatively small portion of the total rain-
fall to enter the ground surface at the point of inci-
dence. Thus, surface runoff rates usually are high
and flooding conditions are common at the storm
site and at downstream locations. Because it tends
to decrease both infiltration rates and resistance to
surface flows, urbanization usually increases surface
runoff potential. These effects on the hydrologic
system, coupled with the greatly increased damage
opportunities, make the flood protection of urban
areas in mountainous regions (particularly those
which are subject to thunderstorm activity) a mat-
ter of prime concem for municipal planners and
engineers.
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CHAPTER 111

A HYDROLOGIC MODEL OF THE
OLYMPUS COVE AREA

The problems of managing a hydrologic system,
such as an urbanizing watershed, require an under-
standing of the fundamental processes and coupling
relationships involved in the system. With this under-
standing a manager is then able to predict realistically
the consequences of possible changes which might be
imposed upon the system. For example, in the case
of an urbanizing watershed, it might be desirable to
be able to predict for design purposes changes in peak
runoff rates resulting from projected levels of urban
development corresponding to particular frequencies
of occurrence. In recent years, the advent of electron-
ic computers has stimulated the use of simulation an-
alysis for planning and management of large and com-
plex systems. In essence, the computer model is in-
tended to reproduce the behavior of the important
system variables of the prototype under study.

Mathematical simulation is achieved by using
arithmetic relationships to represent the various pro-
cesses and functions of the prototype system, and by
linking these equations into a systems model. Thus,
computer simulation is basically a technique of analy-
sis whereby a model is developed for investigating the
behavior or performance of a dynamic prototype sys-
tem subject to particular constraints and input func-
tions. The model behaves like the prototype system
with regard to certain selected variables, can be
used to predict probable responses when some of the
system parameters or input functions are altered.
Computer simulation, therefore, has the following
important advantages:

1. A model provides a basis for coordinating in-
formation and the efforts of personnel across a broad
spectrum of scientific disciplines.

2. A model approach requires a clear identifica-
tion of problems and objectives associated with the
system being examined.

3. Insight into the system being studied is in-
creased. In particular, the relative importance of var-

ious system processes and input functions is suggested.

4. Priorities are indicated in terms of planning
objectives and data acquisition.

5. A model is capable of indicating in quantita-
tive terms progress toward system definition and con-
ceptual understanding.

6. Proposed modifications of existing systems
can be non-destructively tested.

7. Many planning and management alternatives
and proposals can be studied within a short time per-
iod.

8. Hypothetical system designs can be tested for
feasibility or comparison with alternate systems.

As already suggested, a computer model (like any
model) is an abstraction from reality, and in this sense
is a simplification of the real world which forms the ba-
sis of the model. The degree of simplification is a func-
tion of both intent or planning and knowledge about
the real world. Forrester (1961) pointed out that ver-
bal information and conceptualization may be trans-
lated into mathematical form for eventual use in a
computer. Therefore, the model development process
should proceed essentially from the verbal symbols
which exist in both theoretical and empirical studies
to the mathematical symbols which will compose the
model.

The development of a working mathematical mo-
del requires two major steps. The first step is the crea-
tion of a conceptual model which represents to some
degree the various elements of the system and their in-
terrelationships. In general, the conceptualizations
and hypotheses of the real world of a particular study
area are formulated in terms of the available data. Ef-
forts are made to use the most pertinent and accurate
data available in creating the conceptual model. As ad-
ditional information is obtained, the conceptual model
is improved and revised to more closely approximate
reality.

The second major step in the development of a
working mathematical computer model is between the
conceptual model and the computer or working model
itself. During this step an attempt is made to express
in both mathematical and verbal forms the various pro-
cesses and relationships identified by the conceptual
model. Thus, the strategy involves a conversion of con-



cepts concerning the real world into terms which can
be programmed on a computer. This step usually re-
quires further simplification, and the resulting working
model may be a rather gross representation of real life.

In earlier discussions, Dr. Ven T. Chow has com-
pared the loss of information, first between the real
world and the conceptual model, and second, between
the conceptual model and computer implementation,
to a filtering process, as depicted by Figure 5 (Riley,
1972). The real world is ‘viewed’ through various

kinds of data about the system which are gathered. Ad-

ditional data usually produce an improved conceptual
model in terms of time and space resolutions. The im-
proved conceptual model then provides a basis for im-
provements in the working model. Output from the
working model can, of course, be compared with cor-
responding output functions from the real world, and
if discrepancies exist between the two, adjustments
are indicated in both the conceptual model and the
working model.

The important steps involved in the process of
model development are depicted by the diagram of
Figure 6 (Riley 1970), and these steps were followed
in the formulation of hydrologic models of the Olym-
pus Cove area, including the Neff’s Canyon drainage
and the urbanizing area of the cove. A brief descrip-
tion of this procedure is given by the remainder of
this section of the report.

Identification of Objectives

Clearly, the starting point in the formulation of
a model is a precise definition of the purpose or func-

Real
World

Filter

tep

tion of the model. The overall or general objective of
this study was to develop a computer model of the hy-
drologic system of the Olympus Cove area, and to use
this model to formulate recommendations concerning
further urbanization of the area. Thus, the specific
objectives of the study are stated as follows:

1. To develop a computer model of the hydro-
logic system of the Olympus Cove area, including the
Neff’s Canyon drainage and the urbanizing area of the
cove.

2. To use this model to study the influence of ur-
banization within the cove on surface runoff charac-
teristics from the area, considering (a) inflows to var-
ious parts of the area from higher elevations, and (b)
runoff generated within the area itself.

3. To define, if possible, those processes or sys-
tem parameters to which the system seems most sensi-
tive.

4. To develop specific recommendations con-
cerning further urbanization of the Olympus Cove ar-
ea, including recommendations for additional informa-
tion needs and studies.

System Identification

The basis of system identification is the concep-
tual model of the real world developed through various
kinds of data which are gathered about the system. In
a sense, points at which the system is monitored may
be regarded as being ‘windows’ through which the dy-
namic operation of the prototype system is observed
at a particular point in space and perhaps in time.

Filter

Figure 5. Steps in the development of a model of a real world system.
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The spacings of these observations in the time
and space dimensions largely determine the refinement
of the conceptual model in terms of the actual condi-
tions. In the case of the Olympus Cove study two mo-
dels involving different time increments were used.

One of these (Figure 7) was based on a time increment
of one day, and was used to represent the relatively
long-term processes which occur on a watershed, such
as changes in soil moisture content with time as a re-
sult of infiltration, evapotranspiration, and percolation
processes. The second model (Figure 8) used an hourly
time increment and represented short-term processes
and events, such as peak runoff rates from cloudburst
storms. It is noted that Figure 8 does not represent a
general hydrologic model in that certain processes,
such as snowmelt, are omitted. Thus, the model is, in
a sense, a planned simplification of the actual situation,
but it is a simplification which is consistent with the
objectives of the study.

Evaluation and Analysis of Available Data

This is one of the most important and time-con-
suming steps in the simulation of water resource sys-
tems. As already indicated, the data provide an under-
standing of the real world, and thereby establish a ba-
sis for evaluating model performance. The accuracy of
predictions from a particular model are governed to a
large degree by the reliability of the information on
which the model is based and the accuracy of the data
which are input to the model to provide the predicted
output functions.

In general, the availability of hydrologic data for
the Olympus Cove area was found to be limited, and
resort was made to various techniques for extending
available data in both the space and time dimensions.
For example, no streamflow data were available for any
channels within the area of the cove. However, as
shown by Figure 1, runoff records are available for
Mill Creek, and the models, therefore, were calibrated
for the two subwatersheds which terminate at gaging
stations 1698 and 1700, respectively. Model parame-
ters from these two areas then were used, with ap-
propriate modifications, in the application of the same
models to the Neff’s Canyon drainage areas. In turn,
parameters and some output information from these
Neff’s Canyon models, such as soil moisture values,
were used in the hourly time increment model which
was then applied to various subareas within the cove.

In the paragraphs which follow, available data
and information relating to the hydrologic models
which were applied on the Mill Creek and Olympus
Cove drainages are discussed briefly by reference to
the various system storage locations and processes de-
picted by Figures 7 and 8. All gaging stations referred

12

to in this discussion for temperature, precipitation,
and streamflow are shown by Figure 1.

Precipitation

Upper Mill Creek subwatershed. Precipitation re-
cords are available for the storage gage at Mill Creek
Canyon (MCC) during the years selected for the study
(1964 to 1968). This gage, located near the center of
the Mill Creek Mountain watershed, was read at month-
ly intervals. Precipitation records for stations at
Mountain Dell Dam (MDD) and Silver Lake Brighton
(SLB) also are available for the study period. These
two stations are operated on a daily basis.

A regression analysis was made to relate the pre-
cipitation recorded at Mill Creek Canyon (PMCC) with
the precipitation falling at both Mountain Dell Dam
(PMDD) and Silver Lake Brighton (PST B) over the
same period. This relation is of the form:

Ppoc = 01250 +0.7465 - Py + 04231 - Pgy . (1)

A value of 0.95 was found for the coefficient of
correlation in the regression analysis. Since Equation
(1) was derived from monthly (approximately) precip-
itation totals, the corresponding equation relating pre-
cipitation on a daily basis is:

04231 * PSLB .. _(2)

Equation (2) was used to generate point precipitation
values on a daily basis at the Mill Creek Canyon site,
based on the corresponding daily precipitation obser-
vations at Mountain Dell Dam and Silver Lake Bright-
on.

Lower Mill Creek subwatershed. A similar pro-
cedure as that described above was used to relate the
precipitation at the storage gage at Lower Mill Creek
(LMC) to that recorded at Mountain Dell Dam. In
this case a regression equation for estimating point
daily precipitation at the Lower Mill Creek site was
determined as:

......

The daily precipitation values calculated from the re-
gression Equations (2) and (3) were multiplied by a
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correlation factor to ensure that the monthly totals
of the calculated precipitation equalled the corres-
ponding storage gage totals actually observed.

Areal integration of precipitation. A map show-
ing the normal annual isohyetal lines for the study ar-
ea is given by Hely et al. (1971). By reference to this
map, weighting factors were derived to relate the mean
precipitation over the upper and lower subwatersheds
of Mill Creek Canyon to the point precipitation values
at Mill Creek Canyon and Lower Mill Creek stations,
respectively. The relations found in this manner are
as follows:

PLower

The relationship developed for the mean precipitation
over the Neff’s Canyon drainage area (PNefps) is:

PNeffS =0.68 PMCC +0.32 P'MC

in which values for P\jcc and Pypc are given by Eq-
uations (2) and (3), respectively.

Short duration storms - Olympus Cove. Point
precipitation values for storms of 1-hour and 3-hour
durations in the Salt Lake City area were obtained for
various recurrence intervals (Figure 9) (Corps of Engin-
eers, 1970). The storm recurrence intervals used in the
Olympus Cove study were 10, 25, 50, and 100 years.
The intensities of these point precipitation values were
reduced from a relationship between point precipita-
tion and mean precipitation over an area (Corps of En-
gineers, 1969). For a drainage area such as Neff’s Can-
yon (3.5 square miles), the relationship indicates that
the mean areal precipitation is 89 percent of the point
value.

The mean distribution of rainfall intensity as a
function of time during a storm was estimated by in-
specting specific rainfall hyetographs available from
recording stations. Because of the availability of fre-
quency information on 3-hour storms in the Salt Lake
area from studies by the Corps of Engineers (1970),
storms of this duration were selected for the study.The
total rainfall was assumed to be distributed through-
out the storm on the following basis: first hour - 33
percent; second hour - 44 percent; and third hour -
23 percent.

Temperature

Surface air temperature is used in the daily time
increment model (Figure 7) as an index of the avail-

able energy for the evapotranspiration and snowmelt
processes, and as a criterion for establishing the form
of precipitation as either rain or snow. Daily air tem-
perature recordings are available at Mountain Dell Dam
(TMpp) and at Silver Lake Brighton (Tg g) (Figure
1). These temperatures were transposed to the mean
elevations of the drainage areas of the study by apply-
ing a correction to account for the influence of alti-
tude changes on air temperature. Altitude weighting
factors were derived and used to give the following re-
lationships between mean daily air temperature at the
measurement point locations and estimated values at
the mean elevations of the drainage areas being mo-
deled on Mill Creek and Neff’s Canyon. Thus,

TUpper =02Typp *08TsIB - - - - - @)
TLower=05TMpp + 05 Tsp . . . . . )
TNeff's=0.3 Typp + 0.7 Tg[g - - - . . )

Solar radiation

At a particular location on the earth’s surface
the direction and degree of slope strongly influence
the amount of direct solar radiation which is received
on that slope. Thus, for a north-facing slope evapo-
transpiration and snowmelt rates tend to be lower
than is the case for a south slope. For this reason, in
the watershed hydrology models which are used an at-
tempt is made to account for the average degree of
slope and direction (aspect) of the area under study.
The parameter which is applied is termed the solar
radiation index (Lee, 1963; and Riley et al., 1966).

: This index is a relative measure of the amount of di-

, rect solar radiation received by a given slope at a par-
ticular location and time to that received by a horizon-
tal surface at the same location and time. Because the

_effects of atmospheric conditions are assumed to be

- the same for both surfaces in the same location, atmos-
pheric effects are assumed to be removed. Monthly
radiation index values for each watershed were deter-
mined as a function of aspect, percent slope, and time
of year. Latitude was assumed to be the same for each
of the three watersheds. These values are shown by
Table 1.
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Table 1. Average monthly values of the solar radiation index for the Mill Creek subwatersheds and Neff’s Can-

yon drainage.
Watershed Oct.| Nov. | Dec. |Jan. |Feb. | Mar. [ Apr. | May | Jun. [Jul. [ Aug. Sept.
Mill Creek (Upper) 40 | 31 [ 27 |29 | 37| 46| 54 |58 |60 |59 [S56 | 49
Mill Creek (Lower) 42| 34 | 31 [33 | 38| 48|55 |58 |59 |58 |56 | 51
Neff’s Canyon 32 22|18 [19 | 27| 39|49 (55 | 58 |57 |52 | 43
Evaporation Physiographic characteristics of the study areas

The evaporation of water from lake and stream
surfaces and from intercepted storage on vegetative
surfaces is represented in the daily time increment mo-
del (Figure 7). Values of average monthly pan evapor-
ation rates in the Jordan Valley (elevation 4,600 feet)
and at Silver Lake Brighton (elevation 8,700 feet) are
given by Hely et al. (1971). A linear relationship be-
tween pan evaporation and elevation was suggested by
the data. By applying this relationship between the lo-
cations of the point evaporation measurements and the
mean elevations of the watershed areas under study,
evaporation values were predicted for each watershed.
On the basis of this information, ratios were developed
between mean monthly pan evaporation and mean
monthly temperature. These ratios (Table 2) then
were used for predicting evaporation rates (monthly
quantities by depth) on each watershed area as a func-
tion of surface air temperature. Evaporation and plant
transpiration are neglected by the hourly model.

Streamflow

Daily streamflow records are available in pub-
lished form (Hely, Mower, and Horr, 1964-1968).
Flow records at all streamflow gaging stations shown
by Figure 1 are contained in these publications. Run-
off data for the upper and lower Mill Creek subwater-
sheds were recorded at stations 1698 and 1700, re-
spectively. As indicated earlier, no runoff data are
available for outflows from Neff’s Canyon, or for any
of the other intermittent streams within the Olympus
Cove area.

Because they describe the physical nature of the
particular hydrologic system under study, a knowledge
of the physiographic characteristics is important for the
application of a general hydrologic model to a given
drainage area. Topographical parameters for the Mill
Creek and Neff’s Canyon watersheds are shown by
Table 3. In addition, the available physiographic infor-
mation for the Neff’s Canyon and Olympus Cove drain-
age area is discussed briefly by Chapter II of this report.
Because they were not directly involved in this study,
further physiographic features of the Mill Creek subwa-
tersheds are not included here. The modeling of these
two particular hydrologic units is described in some de-
tail by a report which is now under preparation in con-
nection with a separate, though associated study (And-
rews et al., forthcoming). Suffice it to say that, asis
common in hydrologic modeting, data in addition to
those which were available would have facilitated the
work. For example, information on infiltration rates
and on soil moisture holding characteristics was not
established by independent measurements in the field.
In all cases these parameters were estimated by the mo-
del calibration procedure.

With reference to infiltration rates, the single
most important effect of urban development on a wa-
tershed is its possible negative influence on average
soil infiltration characteristics. As urbanization pro-
ceeds, much of the watershed becomes covered with
various kinds of impervious surfaces, such as roofs,
roadways, and streets. In addition, landscaped and
grass covered areas, while still providing opportunities

Table 2. Average monthly values of the ratio between evaporation and temperature for the Mill Creek subwater-

sheds and the Neff’s Canyon drainage?.

Watershed Oct. | Nov. | Dec.|Jan. | Feb. | Mar. | Apr. | May June | July | Aug. | Sept.
Mill Creek (Upper) 821|443 270 | 2.74 [ 4.12 | 8.00 [11.46 | 13.38 | 14.48 |15.73 (14.60 [11.49
Mill Creek (Lower) 8.33 | 4.27 | 2.66 | 2.85 | 4.36 | 8.29 |12.54 | 13.06 | 14.38 [15.60 (14.31 | 11.32
Neff’s Canyon 826 | 435 | 2.68 | 2.89 | 4.24 | 8.14 |11.90 | 13.20 | 14.42|15.65 |14.40 | 11.40

3 Al values are in units of inches per OF x 10-2.
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Table 3. Topographical parameters of the watersheds
involved in the study.

Mill Creek
| Upper Sub| Lower Sub | Neffs
. Watershed | Watershed | Canyon
! drainage
area 7.7 14.0 3.5
(sq. mi.)
channel
length 4.8 5.2 3
(mi.)
channel
slope 530 320 1,100
(ft./mi.)
: mean
| watershed
. clevation 8,200 7,000 7,800
© (ft.-msl.)
headwater
elevation | 9,200 - 8,600
(ft.-msl.)
aspect | WNW w NW

for infiltration, possess capacity rates which frequent-
ly are significantly less than those which existed under
natural conditions. Because of drainage from imper-
vious surfaces, the effective impervious area produced
by urbanization usually is somewhat less than the ac-
tual impervious area (often expressed in percent of
the total drainage area). A relationship between these
two parameters was postulated by Crawford and Lins-
ley (1966), and is presented here as Figure 10. On the
basis of this plot, a relationship was developed which
expresses the effective capacity infiltration rate as a
function of the degree of urbanization. Thus,

Fee(t) = Fem(®)(@-ULS) ... ... (10)
1.00
7]
<
8 .o !/
8 7
E .50 //
g A
g % —
3 - i
E 0 75 50 75 Too'

TOTAL IMPERVIOUS AREA (PERCENT)

Figure 10. Relation between effective impervious area
and total impervious area.
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in which

Fee = the effective capacity infiltration rate
at any time, t

Fen = the capacity infiltration rate at any
time, t, under natural conditions

U = the degree of urbanization expressed as

a ratio of the area under impervious co-
ver to the total drainage area

Equation (10) was used in the hourly runoff model.

Model Formulation

Model formulation is the step between the con-
ceptual model and the working model indicated by Fig-
ure 5. The form of the model which is used is depen-
dent entirely upon the requirements of the problem
(the objectives, funds, facilities, and data which are
available for the study). Some insight into this pro-
cess is given by comparing Figures 7 and 8. In the case
of Figure 7 (daily time increment) all of the basic hy-
drologic processes which occur on a watershed are in-
cluded. On the other hand, to provide estimations of
peak surface runoff rates from cloudburst storms,
some processes, such as snowmelt and soil moisture
movement, are not needed, but a high degree of reso-
lution in the time dimension is necessary. For this
reason, the hourly time increment model (Figure 8)
contains fewer processes than the daily model, but
the remaining processes are, of necessity, represented
with a high degree of time resolution. Thus, the re-
quirements of the problem always are a prime consid-
eration in model formulation and design, including
the selection of appropriate time and space increments.
In the case of the Olympus Cove area, it was necessary
to represent hydrologic inflows and outflows at sever-
al different locations within the area. For this reason,
the Cove area was modeled as a number of subunits,
or small space increments, with each subunit repre-
senting an upstream (or upslope) source area.

No attempt will be made in this report to de-
scribe the mathematical relationships used to repre-
sent the various hydrologic processes shown by Fig-
ures 7 and 8. The model structures and mathematical
representations are well documented in earlier publica-
tions, including those of Narayana, et al. (1969); Eve-
lyn et al. (1970); Eggleston et al. (1971); Shih (1971);
Shih et al. (1972); and Chambers (1973). In addition,
in a separate study hydrologic models are being ap-
plied to much of the urban and rural areas of east Salt
Lake County, and the structures of these models will
be fully described and documented in a new publica-
tion which is now in preparation (Andrews et al.,
forthcoming). Computer program listings, documen-
tation and sample output for the daily time increment
model (Figure 7) and the hourly time increment mo-
del (Figure 8) are given by Appendixes A and B, re-
spectively.



Model Verification
Computer synthesis

A computer model of a hydrologic system is pro-
duced by programming on a computer the mathemati-
cal relationships and logic functions of the hydrologic
model. The model does not directly simulate the real
physical system, but is analogous to the prototype be- :
cause both systems are described by the same mathe-
matical relationships. A mathematical function which
describes a basic process, such as evapotranspiration,
is applicable to many different hydrologic systems.
The simulation program developed for the computer |
incorporates general equations of the various basic pro-!
cesses which occur within the system. The computer i
model, therefore, is free of the geometric restrictions
which are encountered in simulation by means of net-
work analyzers and physical models. The model is ap-
plied to a particular prototype system by establishing,
through a verification procedure (sometimes called val-
idation or parameter identification), appropriate values
for the ‘constants’ of the equations required by the sys-
tem.

Model calibration

A general hydrologic model is applied to a partic- ,
ular basin through a verification procedure whereby the !
values of certain model parameters are established for
a particular prototype system. Verification of a simu-
lation model is performed in two steps, namely calibra-
tion, or parameter identification, and testing of the mo-%
del. Data from the prototype system are requiredin
both phases of the verification process. Model calibra-
tion involves adjustment of the model parameters until
"aclose fitis achieved between observed and computed |
output functions. It therefore follows that the accur-
acy of the model cannot exceed that provided by the
historical data from the prototype system. Evaluation
of the model parameters can follow any desired pat-
tern, whether it be random or specified. In this study .

tern, whether it be random or specified. In this study
a computerized pattern search procedure described
by Hill et al. (1972) was used.

i
|
I
.
|

Daily time increment model. Because no surface
runoff records were available for the Neff's Canyon and
other Olympus Cove drainage areas, the model was cal-
ibrated first for the two subwatersheds of Mill Creek
(Figure 1). The parameter values for each of the two
watersheds as established by this procedure are shown
by Table 4. The parameters are listed in order of de-
creasing sensitivity, or relative importance to system
response characteristics. In other words, the model
suggested that the system parameter which has the
most influence on the outflow hydrograph is the mois-
ture storage capacity of the soil on the watersheds.
This observation leads to the conclusion that for a par-
ticular average soil moisture storage capacity, antece-
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dent soil moisture conditions (or the soil moisture le-
vels at the beginning of a runoff producing event) have
a considerable influence on the characteristics of the
ensuing runoff hydrograph.

Table 4 also indicates the values of the watershed
parameters which were applied in the model of Neff's
Canyon. These values were determined on the basis of
experience and information gained in the calibration
of the two nearby Mill Creek subwatersheds. The ra-
tionale used to justify this procedure are stated briefly
as follows:

1. Topography, elevation, and aspect are similar
for the three drainage areas.

2. Soil types and vegetation are similar for the
three watersheds.

3. Mill Creek and Neff's Canyon are adjacent to
one another, and in general are subject to the same cli-
matological patterns. For example, the same values of
the normal isohyetal lines occur at much the same ele-
vations for both drainage basins (U.S. Weather Bureau,
1962).

The transfer of parameter values from one water-
shed to another is not an ideal procedure. In this case
the transfer of parameter values from Mill Creek to
Neff's Canyon was made necessary by the lack of any
suitable runoff records from the latter. Factors which
suggest the procedure might give useful results in this
case are listed above. There are, however, differences
in the geology of the Mill Creek and Neff's Canyon
watersheds. Neff's Canyon, for example, has a higher
proportion of cavernous limestone in the geological
makeup than is the case for the Mill Creek drainage.
Some information on these differences and their in-
fluence on runoff characteristics was obtained from
notes taken by Calvin G. Clyde in a geology class some
years ago.at the University of Utah, and this informa-
tion is summarized in the following paragraph.

In 1948 some measurements were made by Salt
Lake County of water flow rates and quality of dis-
charge from Neff's Canyon. A geologic survey of the
canyon at that time also indicated the presence of glac-
ial moraine and two faults in the Canyon. The Mt.
Olympus Spring Company had submitted an applica-
tion to direct water from Neff's Canyon, and County
officials were concerned that perhaps these waters sup-
plied the Spring Creek, Castro, and Dry Creek Springs
which are situated on the lower slopes of Mt. Olympus
above the urbanizing area of the cove. In 1950 three
students from the University of Utah discovered a cave
in Neff's Canyon. It was found that the limestone ca-
vern extended a distance of 1,170 feet from the portel
to a point where water blocked the way. It was specu-
lated that this water leaves the stream bed at the fault
lines and flows through the cavernous limestone to the
three springs mentioned above. To confirm this specu-



Table 4. Optimized parameter values? for the Upper and Lower subwatersheds of Mill Creek.

Parameter Description Value
Mill Creek
Upper Sub- | Lower Sub- | Neffs
watershed | watershed | Canyon

SFC Field capacity of soil (inches) 6.00 4.5 5.0
TBF Base flow decay constant (day - 1) .004 .006 .005
GLL Groundwater storage level above which sub-surface out-

flow occurs (inches) 4.8 5.0 5.0
TGW Interflow decay constant (day - 1) .04 .025 .03
QK The fraction of outflow from soil mositure that becomes

interflow 15 .26 .20
SMR Snow melt rate (inches/day - F) 11 .07 .07
ETF Evapotranspiration factor .59 45 .50
TAUSW | Surface runoff decay constant (day - 1) 30 .50 .50
SI Upper limit of interception storage (inches) 40 .60 .40
FC Minimum value of infiltration (inches/day) 2.0 1.0 1.0
DKT Infiltration decay constant 2.0 1.5 1.5
SS Saturated soil level (inches) 12.8 13.5 13.0
WILT Wilting point of the soil (inches) 1.0 1.5 1.0
ROS Factor related to snow melt by rain .01 .01 01
TRAIN | Temperature above which all precipitation falls as rain 35.0 35.0 35.0
CPF Channel precipitation factor .003 .003 .003
FNGM Factor related to ground melt in snow pack .02 .023 .02
TFWSN | Temperature of free water in snow pack .10 .18 .15
Mean value of the objective function (inches per unit area 1.53 3.24 NA
Mean annual stream flow (inches per unit area) 6.97 10.15 NA
Ratio of mean objective function to mean annual streamflow 22 .32 NA

3parameters are shown in decreasing order of sensitivity.

lation, dye was placed in the waters of Neff's Canyon
at a point upstream from the fault lines. This dye ap-
peared at the springs 27 hours later and persisted for

4 days. During the spring runoff period of 1948 the to-
tal surface discharge from the Neff's Canyon drainage
was measured at 330 acre-feet per square mile. It was
estimated that if the flows from the three springs dur-
ing this same period were added to this figure, the total
runoff from the watershed would be 1,800 acre-feet
per square mile. This figure is consistent with precipi-
tation on the watershed during the winter of 1948 as
estimated from snow survey data.

On the basis of the geologic differences between
the Mill Creek and Neff's Canyon watersheds the unit
surface runoff might be expected to be less from Neff's
Canyon than that from Mill Creek, all other factors be-
ing equal. For this reason, the Neff's Canyon model,
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parameters for which were established from the Mill
Creek model, might, therefore, overestimate the surface
runoff from the watershed, even though allowances
were made for these geological differences in fixing the

- Neff's Canyon parameters.

Having made this point of difference between
the two watersheds, however, it should be mentioned
that the results from the Neff's Canyon model are com-
parable with those obtained from an independent anal-
ysis of the same watershed made by the Corps of En-
gineers (1969). The Corps study predicts the peak
flow at the mouth of Neff's Canyon resulting from a
‘100-year” storm to be 1500 cfs. The corresponding
peak flow rate predicted by the model is 1490 cfs, at
an antecedent soil moisture level of 11 inches.



Hourly time increment model. As was the case
for the daily model, it was necessary to calibrate the
hourly model on Mill Creek, and to transfer the result-
ing parameter values, with appropriate adjustments, to
the drainage areas of Neff’s Canyon and the remainder
of Olympus Cove. The lower Mill Creek subwatershed
was selected for this calibration process.

Some parameter values for the hourly time incre-
ment model were found by reference to those values
obtained for the corresponding parameters in the daily
time increment model. For example, the value of the
soil field capacity remains unchanged for both time in-
crements. Other parameters, such as the interflow
time delay constant, are a function of the model time
increment. Those parameter values which could not
be established in this way were optimized during the
simulation of the lower Mill Creek subwatershed on an
hourly basis. The same calibration or optimization pro-
cedure was used for both the daily and hourly models.

The size of the Mill Creek watershed, taken to-
gether with the existing data network, does not lend
itself to simulation on an hourly basis. This is partly
due to the areal extent of the simulated thunderstorm-
type events, which may cover 5 square miles or less.

In other words, given the existing data network for
hourly precipitation it is difficult to say what propor-
tion of the watershed is covered by the storm, and is
therefore contributing to the gaged watershed outflow.

In transferring parameter values from Mill Creek
watershed to Neff’s Canyon, and the urbanizing area
of Olympus Cove, the differences in areas were taken
into account, where necessary. Parameter values, such
as the time delay constant in the surface water routing

equation, were adjusted for the decrease in size of the
watershed. The finalized parameter values used for
the hourly time increment simulation of Neff’s Canyon
and the urbanizing area of Olympus Cove are shown in
Table 5.

Model testing

As indicated in the previous section, model cali-
bration involves the two steps of calibration and test-
ing. Model calibration is achieved by a fitting process
which establishes the model parameters for a particu-
lar set of data from a given hydrologic unit. Model
testing involves using a second and independent set of
data from the same hydrologic unit, and again operat-
ing the model in order to determine the level of agree-
ment between the observed and predicted (or com-
puted) output functions. Thus, model testing is sim-
ply an independent test of results achieved under the
calibration phase.

Daily time increment model. Following the cal-
ibration of this model for the two subwatersheds of
Mill Creek, the optimum parameter values as given by
Table 4 were fixed in the model, and the runoff pat-
terns were simulated for the 5 years of record at each
of the two stations. Sample output showing the de-
gree of agreement which was achieved between ob-
served and computed streamflow hydrographsis shown
by Figures 11 and 12 for the upper and lower subwa-
tersheds, respectively. At the bottom of Table 4, the
mean value (over the 5 years of simulation) of the ob-
jective function is given for the two Mill Creek subwa-

Table S. Parameter values used in the study area of Olympus Cove hydrologic systems of Neff’s Canyon and

the urbanizing area of Olympus Cove.

Parameter Description Value
SS Saturated soil level (inches) 13.0
SFC Field capacity of soil (inches) 6.0
FO Maximum infiltration capacity rate (inches/hr) 1.0
FC Minimum infiltration capacity rate (inches/hr.) .20
DKT Decay constant in infiltration equation (hrhT) 2.0
TAUSW | Decay constant in surface water routing (hr-hr) equation .50
TGW Decay constant in interflow routing (hr'hr) equation .01
QK The fraction of outflow from soil moisture storage that becomes interflow .30
SI Upper limit of interception and depression storage (inches) .20
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Figure 11. Hydrographs of observed and computed streamflow at Gaging Station No. 1698 on Mill Creek for the water year 1964.
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tersheds. The table also includes the ratio of the mean
yearly objective function to mean yearly streamflow,

a quantity which is termed the relative objective func-
tion.

As already indicated, because of the lack of run-
off data it was not possible to test the calibration of
the model for the Neff’s Canyon drainage. However,
the runoff predictions were comparable with those of
the lower Mill Creek subwatershed, and a sample is
shown by Figure 13. Runoffis computed at the points
of discharge indicated on Figure 2.

Hourly time increment model. This model was
tested by generating runoff hydrographs associated
with several short duration, high intensity rainfall
events on the lower Mill Creek subwatershed. The
computed and observed hydrographs for two of these
events are shown by Figure 14.
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Model Operation

The model is, of course, operated during the
verification procedure, and at this time comparisons
are made to test the ability of the model to represent
the system of the real world. It is very possible that
these tests indicate that some adjustments are neces-
sary, either in the data on which the model is based,

or in the structure of the model itself. The various op-
tions associated with this looping, or ‘feedback,’ pro-
cedure are indicated by the flow path labeled ‘com-
promises’ on the diagram of Figure 6. When suitable
model verification has been achieved, the model is
ready for use as a technique for investigating the re-
sponse of the hydrologic system to various input
conditions and management alternatives which might
be imposed upon the watershed. In the case of the
Olympus Cove area (including Neff’s Canyon) the mo-
dels were used to perform several investigations, and
the results of these are discussed in the following
chapter.
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CHAPTER 1V

MODEL RESULTS

Both the daily and hourly time increment mo-
dels were used to predict and examine various runoff
characteristics within the study area. As indicated by
Figure 2, storm water flows within the cove originate
from three primary sources, namely (1) the Neff’s
Canyon drainage; (2) source areas on the steep slopes
of Mt. Olympus immediately above the subdivisions;
and (3) the urbanizing area of the cove. For each of
these three primary supply areas estimates of flow
rates were made of runoff generated within each. In
all cases, the primary variables included in the runoff
estimates were frequency of the precipitation event
and antecedent soil moisture content. For the urbani-
zing area a third variable, the degree of urbanization,
was added.

Because of the sensitivity of the hydrologic re-
sponse to antecedent soil moisture levels (see Table 4)
the daily time increment model of the Neff’s Canyon
drainage was used to examine soil moisture changes
with time during the year. This study was conducted
for the S-year period from 1964 to 1968, and the re-
sults are shown by Figure 15. Itis noted that average
soil moisture levels on the watershed generally peaked
between May and June at the time of maximum snow-
melt. The deviation of the soil moisture for 1966
from the usual pattern is explained by the fact that
1965 was an exceptionally dry year. It was assumed
that the soil moisture curves of Figure 15 reflect the
variation in mean values which might have been ex-
perienced in the Olympus Cove area before develop-
ment.

Neff’s Canvon

\ The hourly time increment model of the Neff’s
Canyon watershed (total drainage area of 3.5 square
miles) was generated for various storm recurrence in-
tervals and for several assumed antecedent soil mois-
ture levels. Typical simulated runoff hydrographs at
an assumed antecedent soil moisture level of 8.5 in-
ches and storm recurrence intervals of 10,25, 50 and
100 years are shown by Figure 16. Similar curves for
an antecedent soil moisture level of 11 inches are gi-
ven by Figure 17. The marked influence of antece-
dent soil moisture on peak runoff rates is seen by

comparing, for example, the two hydrographs cor-
responding to a 25-year storm event. At an antece-
dent moisture level of 8.5 inches the peak runoff
rate is estimated at about 500 cfs, whereas at the 11-
inch antecedent level the peak is shown at nearly
700 cfs.

Figure 18 summarizes the peak runoff rates to
be expected from the Neff’s Canyon drainage for var-
ious storm recurrence intervals and for the three levels
of antecedent soil moisture used. The plots were de-
veloped from the kind of model output information
depicted by Figures 16 and 17.

Olympus Cove

As in the case of Neff’s Canyon, precipitation
data for storms of the same four recurrence intervals
(10, 25, 50, and 100 years) were input to the hourly
hydrologic model of the Olympus Cove urbanizing ar-
ea. In this case, a runoff producing area of 0.61 square
miles was used. This is approximately the total area of
potential urban development within the cove. Typical
simulated runoff hydrographs resulting from these
storms at an antecedent soil moisture level of 8.5 in-
ches are shown by Figure 19. In simulating these hy-
drographs natural, or non-urban, conditions on the
drainage area were assumed. Figure 20 summarizes
the peak runoff rates to be expected from the area
under non-urban conditions for various storm recur-
rence intervals and for the same three levels of ante-
cedent soil moisture. Once again, these plots were de-
veloped from simulated computer output information

"of the kind shown by Figure 19.
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The effects of urbanization on runoff hydro-
graphs is illustrated by the similated curves of Figure
21, in which runoff from the Olympus Cove urbaniz-
ing area is plotted for a 25-year storm at various de-
grees of urbanization on the watershed. In this case an
antecedent soil moisture level of 4.0 inches is assumed.
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Figure 15. Graph showing simulated variation of average soil moisture throughout the water year for the Neff’s
Canyon watershed.
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Figure 16. Simulated hydrographs of runoff from Neff’s Canyon from storms of various recurrence intervals.
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Figure 17. Simulated hydrographs of runoff from Neff’s Canyon from storms of various recurrence intervals.
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rence intervals (non-urban conditions).
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During the period from 1847 to 1969, 44 percent of

the reported cloudburst floods along the Wasatch Front
occurred in August (Butler and Marsell, 1972). Accord-
ing to this same reference, a total of 408 cloudburst
floods occurred in this area during the 123 year report-
ing period. Figure 15 indicates a mean soil moisture
level for this period of approximately 4 inches. Thus,
Figure 21 illustrates the effects of urbanization on the
runoff hydrograph from the Olympus Cove area at the
antecedent soil moisture level most likely to occur dur-
ing the period of maximum cloudburst storm activity.

Simulated hydrographs similar to those of Fig-
ure 21 also were generated for storm recurrence inter-
vals corresponding to 10 and 50 years. On the basis of
these three sets of simulated hydrographs Figure 22
was developed. This figure gives the relative rate of
increase in peak runoff rate with increasing degree of
urbanization for each of the three selected storm re-
currence intervals (10, 25, and 50 years), By using
Figure 22 in conjunction with Figure 20, peak runoff
rates can be estimated as a function of storm recur-
rence interval, antecedent soil moisture, and degree of
urbanization.

Figure 22 also provides some insight into the rel-
ative sensitivity of the hydrologic system to the effects
of urban development as a function of the magnitude
of the runoff producing storm event. For example,
for a storm corresponding to a recurrence interval of
10 years, an increase in urbanization of from 0 to 40

percent more than doubles the peak rate of surface
runoff. On the other hand, for a 50-year storm event
the corresponding increment is only 2 or 3 percent.
This situation is explained on the basis that large run-
off producing events, such as a 50-year storm, cause

" high runoff rates whether under natural or urban con-

ditions, so that in this case the effects of urbanization

are relatively less important. Thus, for major or low

frequency storm events (those with recurrence inter- .
vals of more than 25 years, for example), the impacts

of urban development on peak rates of runoff gener-

ated within the urbanizing area itself tend to be rela-

tively small.

Mt. Olympus Source Areas

The Mt. Olympus source areas occur on the
steeply rising slopes of Mt. Olympus which lie mainly
to the south of the urbanizing area of the cove. A to-
tal of seven separate drainage areas were identified,
and these are indicated by Figure 23. It is conceivable,
of course, that a runoff producing event could occur
on any one of these drainage areas, and the resulting
flows could cause flooding both within the cove and at
locations even farther downstream. The probability of -
the occurrence of flood flows in more than one chan-
nel at any one time is a matter of conjecture, but this
situation apparently has not been noted in the rather
brief history of observations. Because no well-defined
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Figure 22. Graph relating peak runoff to degree of urbanization for the study area of Olympus Cove.
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channels exist in the urbanizing area below the seven
sources which are identified by Figure 23, flood runoff
is assumed to occur as sheet flow, and a method pro-
posed by Chow (1964) was adopted for calculating
the width, depth, and velocity of the flood wave. This
procedure considers the frequency of the storm event,
the drainage area, the antecedent soil moisture, the
slope of the ground surface, and the resistance to flow
from vegetation and other surface roughness features.
The procedure, including an example of its application,
is described by Appendix C. For areas A4, A5, and
A6, for example, it is estimated that the flood wave
resulting from a 25-year storm event will be about 0.3
feet deep and have an average velocity of 4 feet per
second. The same storm on either of areas Al or A2
would produce corresponding values for the flood wave
of 0.13 feet and 5 feet per second. Peak runoff rates
were computed for each area for storm frequencies of
10, 25, 50, and 100 years, and these results are sum-
marized by Table 6. In each case, the runoff producing
event was considered to be centered directly over the

. source area in question, and an antecedent soil mois-
ture content of 8.5 inches was assumed. For compara-
tive purposes, corresponding flows from Neff’s Canyon
as estimated by the hourly computer model also are in-
cluded in Table 6. Itis noted that the runoff rates per
square mile used in the calculations for each of the se-
ven source areas are a function of storm frequency and
antecedent soil moisture (see the table on Figure C-1).
These unit rates were obtained from output informa-
tion generated by the hourly model of Neff’s Canyon
(Figure 18).

Combined Flood Flows

In this section an example is presented to illus-
trate the manner in which predicted peak flows from
various sources might be combined to produce esti-
mates of total peak runoff rates. Figure 24 depicts
points of outflow from Neff’s Canyon and an adjacent
Mt. Olympus source area (A7). Included within the
dashed line on Figure 24 is the area of the urban water-
shed (0.27 square miles) from which surface runoff fol-
lows the same general drainage pattern as outflows
from Neff’s Canyon. Assume that a cloudburst storm
event corresponding to a 25-year return frequency oc-
curs simultaneously over the Neff’s Canyon, source ar-
ea, A7, and the portion of the Olympus Cove within
the dashed lines of Figure 24. The present level of ur-
banization within this area is less than 20 percent. As-
sume further that antecedent soil moisture conditions
of 8.5 inches exist in all areas. From Figure 18 and
from Table 6, the peak outflow rate from Neff’s Can-
yon is equal to 500 cfs. The estimated peak flow from
source area A7 is 200 cfs (Table 6). The corresponding
peak flow generated within the urbanizing area of the
cove is found from Figures 20 and 22 to be about 115
cfs. This estimate, however, refers to a runoff produc-
ing area of 0.61 square miles, whereas the area within
the dashed lines of Figure 24 is only 0.27 square miles.
If the peak rate of outflow is reduced in direct propor-
tion to area, the adjusted estimate is approximately
50 cfs.

Table 6. Estimated peak runoff rates corresponding to storm events of various frequencies for designated source

areas above Olympus Cove. 2

Return Period | Estimated Peak Rates of Outflow from Designated
of Storm Source Areas (cfs) (see Figure C-1)
Event (Year) Neff's
A-l A2 A-3 A4 A-5 A-6 A-6 Canyon
10 115 | 180 55 145 180 | 165 175 270
25 134 | 210 65 170 | 210 | 193 | 200 500
50 153 | 242 75 195 ( 242 | 220 | 230 (| 800
100 172 | 272 80 219 | 272 | 247} 265 | 1240

4 Assumed antecedent soil moisture level = 8.5 inches.
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The problem now is to combine these various
flow predictions so as to produce a reasonable estimate
of the peak flow which might be expected at the Wa-
satch Boulevard under the assumed conditions. Out-
flow from the source area A7 has no well defined chan-
nel through the urban area. However, at the present
level of urban development this situation probably does
not represent as great a flood hazard potential as does
the Neff’s Canyon watershed. Runoff from the A7
drainage might reasonably be expected to spread out
from the point of entry to the urban area, and most of
the water likely would infiltrate into the ground. On
the other hand, if urban development continued to in-
crease in this area, the resulting reduced infiltration
opportunities would increase surface runoff both from
that generated within the urban area itself and from
those waters which entered from the upstream source
area. If it were assumed that urbanization were in-
creased to 40 percent, and that accompanying this in-
crease conveyance works were developed to carry run-
off from upstream sources through the urban area,
peak flows at Wasatch Boulevard would be significant-
ly increased. Itis conceivable that the peak flows at
Wasatch Boulevard under these two situations might
be represented as follows (Table 7).

Table 7 suggests that the urbanization process
produced only a rather modest increase in surface run-
off rate from within the urbanizing area itself. The ma-
jor increase in total surface runoff in this case resulted
from the loss of a zone of infiltration within the upper
portions of the urbanizing area and the corresponding
need to find an alternate disposal procedure for the
surface inflows from the higher slopes of Mt. Olympus. |
If these waters are conveyed through the Olympus
Cove area, flows might be expected to be increased
at Wasatch Boulevard by orders of magnitude sugges-
ted by Tables 6 and 7.

Flood Damage Estimates

An important criterion in the analysis of any
flood problem is the extent of the damage caused by
flows of various magnitudes, and the degree to which
this damage might be reduced or prevented by approp-
riate flood protection measures. Almost always the
level of damage is directly related to the magnitude of
the flood, with events of lower frequency, and thus of
a greater magnitude, causing more damage than the
higher frequency events. Recently, the U.S. Soil Con-
servation Service developed some preliminary flood
damage estimates for the Olympus Cove and for the
downstream area below (west of) Wasatch Boulevard
(1974). The results of this study are shown by Figure
25, which demonstrates the usual trend of increasing
damage costs with lower frequency events. Four dam-
age-frequency curves are shown by Figure 25,with each
curve depicting a particular stage of development in
the Olympus Cove and downstream areas. The level of
urban development is, of course, known for Curve I
(1972), but the remaining three curves are based on as-
sumed development trends.

As urbanization increases, the damage potential
at a particular flood frequency also increases, and this

trend is reflected, for example, by the higher ordinates
of Curve IV at a given flood frequency than those of
Curve 1. Putting this statement in another way, the
frequency of a particular level of flood damage increa-
ses with urbanization. Frequency, incidentally, is in-
terpreted as being the inverse of flood recurrence inter-
val, and usually is expressed as a percentage. Thus, a
frequency of 5 percent corresponds to a recurrence in-
terval of 20 years.

Perhaps a word of explanation is needed in con-
nection with the damages shown by the curves of Fig-
ure 25 at flood frequencies of as much as 30 percent.

Table 7. A sample of possible changes in peak surface runoff rates from a portion of the Olympus Cove area

as a result of urbanization.

Estimated Peak Runoff Rates (cfs) 2
Level of Urban Olympus Cove
Development Neff’s Canyon Source Area Urban (Figure 23) Total at
(percent) (Model Output) A-7 (Figure 22) Area (Model Output) | Wasatch Blvd.
20% Present 500 Infiltration 50 550
abstraction
40% Future 500 200 60 760
A Notes: 1) 25-year runoff producing storm event

2) Antecedent soil moisture = 8.5 inches
3) Urbanizing area = 0.27 square miles
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In areas of relatively steep topography, such as the Ol-
ympus Cove, flood damage usually is not incurred by
inundation, but rather by erosion and by the deposit-
ion of water borne sediments and other debris. Ero-
sion can weaken and destroy structural foundations.
Damage caused by sediment deposition is reflected in
maintenance costs associated with the removal of de-
posits from waterways, ditches, pipelines, and land sur-
faces. This kind of damage begins with very high fre-
quency storms long before the carrying capacities of
runoff channels and storm sewer lines in the area norm-
ally are exceeded.

Figure 26 attempts to summarize in a single
chart much of the information which is presented by
this chapter of the report. For example, from this
chart it is possible to predict peak rates of runoff from
either Neff’s Canyon or the Olympus Cove urbanizing
area as functions of storm recurrence interval, antece-
dent soil moisture, and degree of urbanization. For
all estimates involving Neff’s Canyon no urban devel-
opment is assumed. Of the eight ‘upstream’ source ar-
eas which are potential contributors to Olympus Cove
(Figure 23), Neff’s Canyon was selected for inclusion
on Figure 26 because it is capable of generating the
highest peak flows, and thus of causing the greatest
damage levels, particularly at the current level of ur-
ban development within the cove. Asindicated by
Figure 23, at the present time there is considerable
opportunity for flows which discharge from source
areas Al through A7 to infiltrate into the ground, so
that damage is minimal and usually is confined to the
cove area.

The damage curve shown in the lower portion of
Figure 26 is based on information obtained from
Curves I and IV of Figure 25, and is ‘keyed’ to the pre-
dicted rates of peak runoff generated within the urban-
izing area of Olympus Cove. Thus, for predicting the
damages associated with a 25-year storm event at the
present level of urban development (approximately
20 percent), it is necessary to begin on Figure 26 at
the line corresponding to a rainfall return period of
25 years. The next step is to move up this line to its
point of intersection with one of the solid lines repre-
senting three possible antecedent soil moisture condi-
tions. If, for illustrative purposes, an antecedent con-
dition of 4 inches is assumed, a horizontal line is
traced from the point of intersection to the curve
which represents, in this case, an urban development
level of 0.20 (20 percent). Reading vertically down-
ward from this point, the chart provides estimates of
a peak discharge rate from the urbanizing source area

of 80 efs and a total flood damage of $220,000. It is
noted that this damage estimate corresponds to that
obtained from Curve I of Figure 25 for a flood fre-
quency of 4 percent (25-year return period). In loca-
ting the cost curve in Figure 26 it was assumed that
the damage-frequency relationships of Figure 25 are
based on an average antecedent soil moisture level of
4 inches. The basis of this assumption is that, as ex-
plained earlier, 4 inches seems to be the soil moisture
level most likely to prevail in the area during the
month of August, which is the period of greatest thun-
derstorm activity. For this reason, damage estimates
from Figure 26 at an assumed antecedent soil moisture
level of 4 inches agree closely with corresponding esti-
mates from Figure 25. Damage estimates based on as-
sumed higher levels of antecedent soil moisture are
greater. However, this trend is reasonable because cor-
responding runoff rates also are higher. Thus, if in the
previous example, an antecedent soil moisture level of
8.5 inches is assumed, the estimates of the peak runoff
rate from the Olympus Cove source area and the flood
damage are 115 cfs and $280,000, respectively.

The question might be raised as to the validity
of the above damage estimates from flows of approxi-
mately 100 cfs generated within the Olympus Cove.
Doubtless most of these damages are caused by runoff
from source areas above the Olympus Cove, such as
Neff’s Canyon. In order to present on Figure 26 the
relative magnitude of these potential inflows, a proce-
dure for predicting discharge rates from Neff’s Canyon
isincluded. For example, the chart indicates that a
25-year storm event will produce a peak runoff rate
from Neff’s Canyon of 270 cfs at an antecedent soil
moisture level of 4 inches (see also Figure 18).

If urban development on the Olympus Cove were
to increase to 40 percent, the peak runoff rate from
this area corresponding to a storm recurrence interval
of 25 years and an antecedent moisture level of 4 in-
ches would be about 100 cfs. For the same conditions
the peak runoff rate from the non-urbanized Neff’s
Canyon drainage would remain unchanged at 270 cfs.
Now, however, because development is assumed to
have continued both in the Olympus Cove and in the
downstream area below Wasatch Boulevard, the dam-

_age estimate has increased from $220,000 to $270,000.
This increase resulting from development is also shown
by the difference between the ordinates of Curves I

and IV of Figure 25 at the 4 percent frequency level.
Table 8 summarizes the discussion of the preceding
paragraphs, and presents some numbers which further
illustrate the use of Figure 26.
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Figure 26. Concurrency chart for predicting peak runoff rates and flood damages for the Olympus Cove and
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Table 8. Estimates from Figure 25 of peak runoff rates and associated flood damages for the Olympus Cove and

downstream areas resulting from a 25-year storm event.

Antecedent Soil Level of | Peak Runoff Rate Generated Within Total Peak Total
Moisture Level Urban Indicated Area (cfs) Runoff Damage
(inches) Development | Olympus Cove | Neff’s Canyon Rate (cfs) | Estimate §
4 Present 20%
in Olympus
Cove area 80 270 350 220,000
Future 40 %
in Olympus
Cove area 100 270 370 270,000
8.5 Present 20 %
in Olympus
Cove area 115 500 615 280,000
Future 40 %
in Olympus
Cove area 140 500 640 340,000
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CHAPTER V

RECOMMENDATIONS AND SUMMARY

Recommendations for Further Urban
Development in Olympus Cove

A number of recommendations are presented in
the Kaliser report (1973, pp. 36 and 38), and many of
these recommendations are supported by the results
of the model studies. The following recommendations
for the future development and management of the ar-
ea are derived largely from the results of the model
study. Where appropriate, references are made to the
recommendations of the Kaliser (1973) report.

1. Alarge portion of the flood waters which en-
ter the Olympus Cove and downstream areas origin-
ates on the slopes situated above the urbanizing subdi-
visions of the cove. The problem then is to dispose of
these waters in a manner which minimizes flood dam-
ages in the area as a whole. Several flood protection
possibilities might be considered:

a. Detention basins. No suitable sites are
available in the Olympus Cove area. Some basins
already have been constructed at other locations
on the ‘east bench,’ but the cost is high for col-
lecting the stream waters of Olympus Cove and

" conveying these to points several miles distant.
For this reason, detention basins are not consid-
ered to be a very practical solution. However,
the computer model could be employed to ex-
amine the regulating effects of flood detention
basins.

b. Flood proofing. This form of protection
involves the improvement of drainage channels
and the exclusion of dwellings and other perma-
nent structures from flood prone areas. Howev-
er, because of the present stage of development
in the Olympus Cove and downstream areas,
this procedure also does not seem practical, but
should be examined.

c. Channel improvements. Under this meth-
od of flood protection street layout and water
channels in the Olympus Cove and downstream
areas would be designed to convey the waters
as quickly as possible through the area. Howev-
er, this procedure would introduce two other
major problems, namely (i) aesthetic considera-
tions, and (ii) the transfer of the flood problem
to areas further downstream.
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d. Infiltration zones. Under present condi-
tions, large portions of the flows which enter Ol-
ympus Cove from the mountain drainages enter
the ground through infiltration in the southerly,
and as yet largely undeveloped, part of the urban-
izing area. The possible impact of these infiltra-
tion losses on the flood flows is demonstrated by
Tables 7 and 8. The maintenance, and even pos-
sible enhancement, of the infiltration character-
istics of this zone seems to be the most practical
flood protection alternative available for the area.
Recommendations (6), (7), (14), and (15) of the
Kaliser (1973) report refer particularly to this al-

_ternative. Kaliser indicates that effective infiltra-
‘tion rates could be enhanced by introducing
flood waters into the subsurface soils through
wells and recommends this procedure as a prac-
tical solution to the floow problem (recommen-
dation 14). As an alternative to injection wells
(and possibly in conjunction with them), flow
control structures might be considered which
would distribute runoff as it entered the upper
reaches of the cove from Mt. Olympus. Struc-
tures of this nature might not only enhance in-
filtration of the flood waters, but also reduce
surface runoff rates and thus lower erosion po-
tentials.

2. Natural channels within drainage areas above
Olympus Cove are well defined and stable. However,
because of the steep slopes which prevail, flow veloci-
ties from these drainages at points of discharge to the
Olympus Cove area (Figure 23) tend to be high, and
are estimated at from 3 to 5 feet per second. For this
reason, the potential for erosion damage is significant
in the urbanizing area of Olympus Cove, and-the fol-
lowing protective measures (in addition to infiltration
protection and enhancement as discussed above) there-
fore are suggested:

a. That urban development be prevented on
steep slopes. Kaliser (1973) in his first recom-
mendation suggests an upper slope limit for de-
velopment of 60 percent.

b. That limitations or controls be imposed on
the removal of existing native vegetation from
slopes and natural drainage courses; and further,
that where possible the re-establishment of vege-



tation on slopes exposed by development be pro- !
moted (see recommendations (2), (4), and (5) of
Kaliser (1973)).

¢. That existing natural drainage courses be
maintained carefully, and that all artificial sys-
tems be designed and maintained so as to con-
sider potential flood hazards both within the Ol-
ympus Cove area itself and at downstream loca-
tions which might be affected (see recommenda-
tions (3), (8), and (9) of Kaliser (1973)). Natural
channels where they exist should not be intercep-
ted or altered by the urbanization process. The
design and layout of storm sewers and streets
should consider the problem of flood water dis-
posal. If large volumes of surface runoff are col-
lected by paved streets, particularly by those
which are steeply sloping, serious erosion prob-
lems can result. Streets should be designed to
convey waters which they do collect to peints of
safe disposal. Street designs might include such
features as the avoidance of long streets which
are normal to the slope direction, adequate gut-
ters, provisions to enable accumulated surface
flows to leave the street at frequent points of
discharge to either storm sewers or infiltration
areas, breaks in the street grade or slope, and ‘in-
verted crowns’ (formed by sloping the street sur-
faces toward the middle) for cases where some
channelization of street flows might be desired.
Under very high velocity or ‘shooting’ flow sit-
uations there is a tendency for water to leave
channels at points of change in the horizontal
direction, such as at the corners of steeply slop-
ing streets.

d. That artificial fills and structural founda-
tions be designed to minimize the hazards of po-
tential erosion damage. The design of these
structures should recognize that a potential does
exist in the area for erosion from surface water
flows (see recommendations (10) and (11) of
Kaliser (1973)).

3. As a part of the protective measured discussed
under both Items (1) and (2) of these recommenda-
tions, it is considered that some restrictions should be
imposed to limit the future disturbance of natural sur-
face conditions through the urbanization process. Na-
tural conditions are disturbed and altered through the
construction of streets,buildings,and landscaped areas.
The resulting degree of urbanization usually is expres-
sed as a function of the impervious area covered. As
already discussed, however, landscaping and lawn cul-
tivation practices also can materially change infiltra-
tion characteristics. For example, in the Olympus Cove
area, capacity infiltration rates for the compacted soils
of lawns are doubtless less than those which exist under
natural conditions. In addition; available soil moisture
levels under lawns and other landscaped areas are us-

ually high because of watering practices. Thus, at any
given time, soil moisture storage capacities beneath
these areas are likely to be low, and the effects of an-
tecedent soil moisture on surface runoff rates within
the Olympus Cove are clearly illustrated by Figure 26
and other figures presented by this report. A possible
procedure for implementing the restriction suggested
by this recommendation would be to impose for future
subdivisions a maximum ratio of developed area within
each lot (including landscaped area) to total lot size.
As indicated by the chart of Figure 26, at an urban de-
velopment within Olympus Cove of 20 percent or less

(expressed in terms of impervious cover) the effects on

the runoff characteristics tend to be rather minimal.
If it is assumed for illustrative purposes that the effects
of landscaping are approximately half those of imper-
vious cover, and that impervious cover would occupy
about 10 percent of the total area of a lot, a total de-
velopment ratio of 30 percent could be adopted while
still remaining within the normal definition of 20 per-
cent for degree or urbanization. To ensure adequate
spatial distribution of the disturbed areas, it is sugges-
ted that a development ratio of this nature normally
_should be applied on a lot rather than a subdivision or
“Zone basis. In making this recommendation, however,
it is recognized that appropriate landscaping, such as
sunken lawns, can increase surface storage and infiltra-
tion volumes, and thus reduce surface runoff rates and

volumes.

4. Asindicated by Tables 6 and 7, Neff’s Can-
yon is potentially a major contributor to runoff rates
below (or downstream from) the Olympus Cove area.
For this reason, it is possible that any downstream ef-
fects of urbanization within the cove might be offset
by both structural and non-structural measures within
the drainage area of Neff’s Canyon. Non-structural
measures could be cultural practices and land treat-
ment, including contour trenching and bench construc-
tion. This possibility would require further investiga-
tion, however.

Summary

The results and recommendations of this study
are based on the interpretation of very limited data
concerning the hydrologic system and runoff charac-
teristics. For example, the application of the hydro-
logic computer models to the Neff’s Canyon drainage
on the basis of modeling results obtained from Mill
Creek could be subject to much question. The physi-
cal characteristics of the two drainage areas are signif-
icantly different, and in applying the models an at-
tempt was made to adjust for these differences. How-
ever, no gaged flow records were available for Neff’s
Canyon, and so no checks of the model predictions
for this drainage were possible. The results of the
study, therefore, will need to be interpreted in the
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light of these kinds of limitations which were imposed
because of the lack of time and funds to obtain addit-
ional data from the field.

With reference to the previous paragraph, mo-
deling is a continuous process for which it is difficult
to establish a specific end-point. Modifications and
improvements are always possible, and the models of
this study are no exception. However, it is felt that
the fundamental objectives of the study have been
reached. Available data have been used to calibrate
hydrologic models of Olympus Cove and the ‘up-
stream’ source areas on the slopes of Mt. Olympus.
These models are able to provide estimates of surface
runoff rates under various known and/or assumed hy-
drologic conditions. Some of these conditions are sub-
ject to management changes, others are not. Urbani-
zation is always accompanied by change, and within
the scope of this change the hydrologic system must
be considered and accommodated. In some cases, this
accommodation might involve a basic change in the
hydrologic system, such as the construction of lined
drainage channels to convey storm runoff quickly and
safely from the area being considered. In other cases,
the urban development process itself might be adjust-
ed so as to minimize its impacts upon the hydrologic
system. Often a combination of these two approaches
is used with success.

In this report model output information is pre-
sented for three main sources of surface runoff within
the Olympus Cove area, namely (1) the Neff’s Canyon
drainage; (2) seven identifiable source areas above the
Olympus Cove on the northem slopes of Mt. Olympus
and (3) the urbanizing area of the cove itself. On the
basis of information provided by the models, charts
and tables were developed which provide estimates of
peak surface runoff rates under cloudburst storm
events of various frequencies for several conditions of
antecedent soil moisture and, where applicable, de-
grees of urbanization. Damage estimates associated
with various peak rates of runoff also are presented,
and an attempt is made to summarize much of this in-
formation in the form of a single chart (Figure 26).

Some specific items which might be mentioned
in summary are as follows:

1. Surface runoff characteristics were found to
be most sensitive to (or most influenced by) the mag-
nitude of the runoff producing event as represented
by the recurrence interval of the storm, the degree or
extent of urbanization on the watershed, and the level
of soil moisture (antecedent soil moisture) prevailing
on the drainage area at the time of the storm event.

2. The relative influence of antecedent soil mois-
ture on the peak runoff rate from an urban area is in-
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versely proportional to the degree of urbanization. In
other words, as the extent of impervious cover increa-
ses, soil moisture effects on the runoff characteristics
decrease. This trend is indicated by the increasingly
steep slopes of the curves associated with degree of ur-
banization in the upper left portion of Figure 26. Thus,
for a particular storm frequency the relative increase in
peak runoff rate between an antecedent soil moisture
content of, for example, 4 inches and 11 inches, is
much more pronounced at a degree of urbanization of
10 percent than is the case at an urbanization level of
70 percent.

3. Asindicated by Figure 22, the degree of sen-
sitivity of the hydrologic system to urbanization is in-
versely proportional to the magnitude of the runoff
producing event. Thus, for low frequency events of
recurrence interval greater than 25 years, for example,
urbanization has relatively little influence on peak run-
off rates.

4. From the results of the Neff’s Canyon model
study (Figure 18), unit surface runoff rates associated
with various storm frequencies and antecedent soil
moisture levels were developed (see Appendix C, Fig-

‘ure C-1). These unit rates, in turn, were used to pre-

dict surface runoff rates from the source areas on the
slopes of Mt. Olympus above the urbanizing area of
the cove (see Table 6).

5. Although urbanization within the cove in-
fluences surface runoff rates of flows generated within
this area (Figure 22), because the contributing area is
small, the total magnitudes of these flows also tend to
be rather small (see Tables 7 and 8, and Figure 26).
Thus, much of the flood hazard within the Olympus
Cove and areas further downstream lying west of Wa-
satch Boulevard is associated with potential runoff
from the source areas above the cove, including the
Neff’s Canyon drainage. This situation is illustrated
by Table 7 and the discussion which accompanies this
table. For this reason, any action within the Olympus
Cove urbanizing area which would tend to reduce soil
infiltration rates, particularly in the zone adjacent to
the points of outflow from the mountain drainages,
would increase downstream flood hazards both within
the cove and in the area lying west of Wasatch Boul-
evard. The results of the model calibration indicated
that the average maximum infiltration capacity rate
for the urbanizing area of Olympus Cove is approxi-
mately 1.0 inch per hour (Table 5). Although this
average rate is not high, it is likely that the rate is con-
siderably more in the still undeveloped areas lying ad-

jacent to and immediately beneath the mountain drain

ages. Thus, modifications which would tend to reduce
the effectiveness of this infiltration zone might consid-
erably increase normal surface runoff rates at points

farther downstream. In this connection, Tables 7 and
8 suggest that the maximum surface runoff rates from



Olympus Cove and adjacent areas might be expected
to be approximately S00 to 600 cfs for a 25-year
storm event at an antecedent soil moisture level of
8.5 inches. According to the Salt Lake County Flood
Control Commission, the capacity of the storm drain
beneath Wasatch Boulevard at Mill Creek is about 550
cfs. This capacity is probably adequate to provide

. drainage of the area for 25-year storm events under
fully urbanized conditions in the cove. For storms of
lower frequency, more drainage capacity would be
needed (Figure 26).

6. Estimated velocities of sheet flows emanating
from the source areas above Olympus Cove are signif-
icant, and range between 3 and 5 feet per second. At

these velocities water flows are capable of causing ser-
ious erosion problems.
x

7. The computer model of the Olympus Cove
area is fully operational and is capable of answering
many other questions which might not have been dis-
cussed by this report. As far as possible, results are
presented in graphical form to enable their ready inter-
pretation and extension to a variety of conditions
which might be assumed. However, if other informa-
tion is required, further computer studies are possible.
In any case, as demonstrated by this study, the basic
structures of the models used are general in nature, so
that they are readily applicable to other drainage ba-
sins for which similar kinds of information might be
required.
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Appendix A

The Daily Time Increment Model

Program output

The results of a water balance analysis are shown
below. These results are described as follows.

Monthly water balance. The identifiers used in
the monthly water balance are given below. All units
are in inches over the watershed.

Identifier

PPT Total monthly precipitation

The initial parameter values and model output
are given on page 52 .

Parameter values. The various parameter values
used in the model are given at the top of the printout.
The meaning of each identifier is given in Table 4.

Hydrologic data-model output. The identifiers
used in the monthly output are given below. All un-

STM  Total monthly streamflow its are in inches over the watershed.
TEM  Average monthly temperature
LOSS Difference between PPT and STM
RN Precipitation falling as rain .
SN Precipitation falling as snow Identifier
SI Surface interception
Yearly water balance. The identifiers are as SN Snow storage
used in the monthly water balance. The yearly water SM Soil moisture storage
balance is obtained by using the monthly values with- GW Groundwater storage
in the water year. PE Potential evapotranspiration
) AV Actual evapotranspiration
Watershed characteristic data. The monthly SO Subsurface outflow
values of CP and RAD are given on the output. SR Surface runoff
, IF Interflow
Tdentifier BF Base flow
CP Values of the ratio mean monthly RF Surface runoff
evaporation to mean monthly tem- ER Error function
perature AE Absolute error (objective function)
RAD  Values of the monthly radiation index VR Variance
MONTHLY WATER BALANCE
19 PPT 2,42 8T™ «26 TEM 45,19 L0OSS 2,183 RN 2,34 SN .27
it PPT 3.2¢ STH .25 TEM 3n,26 LUSS 2,74 RN «71 SN 2,28
12 PPT 1,43 STH .20 TEM 21,19 LOSS 1,22 RN 248 SN 1,43
1 FPT 85,07 STM «17 TEM 15,83 LOSS 4,89 RN «@8 SN 5,07
2 PPT 2,35 STM «17 TEM 14,31 LOSS 2,17 RN 20 SN 2,34
3 PPT 5,38 STM «17 TEM 19,48 LOSS 5,20 RN .02 SN 5,38
4 PPT 7,53 STM .23 TEM 32,86 L0OSS 7,29 RN 3,02 SN 4,50
5 PPT 4,55 ST 1,20 TEM 41,93 LOSS 3,34 RN 2,86 SN 1,68
6 PPT 2,02 STM | ,B2 TEM 46,76 L0OSS «19 RN 1,99 SN 23
7 PPT {,29 STM «75 TEM 61,61 LOSS 53 RN 1,29 SN .29
8 PPT ,25 STM «56 TEM 56,93 L.OSS «,3{ RN «25 SN .09
9 FPT 3,55 STM .46 TEM 49,90 LOSS 3,08 RN 3,55 SN 20
YEARLY WATER BALANCE
1964 PPT38,83 STM 8,29 TEM 36,35 LOSS 32,54 RN 16,83 SN 22,80

WATERSHED CHARACTERISTIC DATA
1,82 .40

CP .m8214,04430,02722,72744,04120,08002,11438,13376,14483,15726,14500,114

RAD «40 W31 L,27 .29 ,37 .46

.54

.58 .62 ,59 ,56 ,49
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5§=12,82 SFC= 6,022 WILTa 1,00 QK= ,29 TGWs=
HYDROLOJGIC DATA==MGDEL

10

sI 1,43
SK « 23
11

sI o4

SR .2@
12

SI .2C
SR .2n
1=1964
SI W22

SR o0
2

81 B2

SR a3
3

SI A0

SR .00
4

81 {.56

SR oA
5

SR .An
6

SI 1.76

SR .20
7

SI +59

SR a7
8

SI 24

SR « N
9

SI 1.71%

SR A0

ANNUAL RF

SN 223
IF 13
aN 1,2t
IF e
SN 1,77
IfF .20
st 6,02
IF 27
Shn 7,53
IF 0%
SN 11,59
I¥ s A0
SN 15,55
IF .04
SN 7,99
IF .62
18 26
IF 1.83
SN .22
1F .5E
SN .00
IF 001
SN 00
IF 28
6,43

PAR

G DN D GN -

ER
SUBSURFACE QuT,

OUTPULT
SM 1,40
BF  ,23
sM 2,82
BF  ,19
M 3,42
BF .18
SM 4,04
BF .16
SM 4,62
8F .13
SM 5,24
3F 12
SM 6,76
BF .11
SM 13,11
BF .21
SM 12,61
BF u57
SM 6,59
BF  ,60
sM 3,07
BF .56
sM 3,83
BF 48
=13 AE
5,84
PH
. 120
7.000
.900
.02
205
36,002
L0602
560
6,209
.550
.30
.180

GW 1,76 EP

RF .23 ER

GW 1,56 EP

RF .28 ER

Gw 1,38 EP

RF .18 ER

GW 1,22 EP

RF .16 ER

GW 1,08 EP

RF 13 ER

GW 96 EP

RF 12 ER

GW 1,04 EP

GW  3.31 EP

RF .84 ER

GW 4,89 EP

RF 2,11 ER

GW 4,79 EP

RF 1.1¢ ER

Gk 4,25 EP

RF .58 ER

GW 3,77 EP

RF .48 ER
1,71 VR
PL

o220

4,500

250

206

» 203

32,001

2317

« 200

4,247

+ 350

«209

2255

52

.23 SMOICs ,71 GWICs 2,02 SFus

«@

1,66
02

.62
05

25
.02

.18
.01

.26
.04

78
.04

1,69
.06

2,52
.38

3,24
"'.28

4,36
-'43

3,74
-, 01

2,57
-,02
.U

B TAUSHK®

3 TBF=
AV 1,48
AE .22
AV .50
AE .08
Av 225
AE .02
AV 18
AE 21
Av 26
AE .04
AY W70
AE .24
AV 1,66
AE .86
AV 2,52
AE 38
AV 3,04
AE .60
AV 4,36
AE 043
AV 3,74
AE 02
AV 2,57
AE .82
2 PE 21,64
AV 21,46
OF
100
2,500
« 250
213
202
3,999
2230
. 3@0
2,022
299
3320
ol 24

.38 NYR® 5
ETFs ,452 SIas ,35 ROSa ,01@ SMRs ,38@ F0s2,80 FC=2,00 KNTR#Q KTRL®3
.0f GLL®4,80 GULS

«020002 TFWSNa ,1002

.22 TRAIN®34,0

VR

VR

VR

VR

VR

VR

VR

VR

SO
VR

SO
VR

VR

VR
Sl

ML

= LA MRAGLUOOD

200
20

.08
002

17
.20

« 00
.ﬁﬁ

00
20

20
20

20
.00

.G
« 21

4,08
' 81

1.75
« 81

20
10,93



Output from subroutine OPTVER Identifier
PAR  The parameter number

The identifiers used on the first page of output PH The highest value assigned to the

from OPTVER (above) are described below. parameter
PL The lowest value assigned to the

parameter

DF The difference between PH and PL
NL The number of levels

PHASE | PMINw 1.7117
289 6.000 .2%0 010 224 34,000 «030 ,300¢ 4,800 450
352 102

IP LV, PAR 08J
1 1 oJ2¥ 3,7220
1 2 « 249 2,7875
1 3 <282 2,1343
1 4 182 1.7117
1 5 «1002 11,3067
1 ] .120 1.,0772
2 1 4,507 1.2876
2 2 5.229 1,276
2 3 5,500 1.1419
2 4 6,280 1.,0772
2 3 6,507 1,7430
2 3 7.200 1.,088%59
3 1 2233 1,9771
3 2 «133 1.2084
3 3 216 1.1592
3 4 300 2,1541
5 1 203 1.5212
5 3 And 1,0652
5 4 ,AN5 1,3981
6 1 32.021 1,0426
§ 2 313.007 1.002356
€ 3 34,232 1.0552 . .
8 4 38 900 1,2076 Printout of Phase 2. The printout of Phase 2 of
6 5 36,000 1,3352 the optimization process is given on page54. The para-
7 1 210 2.2726 meter values that gave the minimum objective function
7 2 022 1.3721 (PMIN) in the first phase are shown at the top of the
7 3 2232 1.7036 printout. The identifiers used in the tabulation are as
7 4 042 »9281 follows.
7 5 050 1,0649
7 6 <869 1,2481 .
9 ' 4.000 1.2374 Identifier
Q
9 g ;'ggg 1'2:3; P The parameter number
] L] . .
9 4 5,500 .8828 LV The level within the parameter
9 5 6,000 .8779 optimization range
10 1 +« 350 9728 PAR  The parameter value at each level
12 2 . 4%0 .8828 OBJ The value of the objective function
19 3 .350 9884 corresponding to each level
10 4 .650 1,1644 )
H i - 200 9557 As an illustration, the optimurn value of para-
i : g * 32” 9226 meter 2 (SFC) s 6.5 ins, that is at level 5 within the
400 .86886  the value of the obiective func-
11 4 .5a0 .8508 optimization range; the value of the objective func

tion at this level is 0.8508.
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»128
.5¢0

LV
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PHASE 2
6.50% «133
102

FAR

020
.240
.B68
.08
L1mp
126
4,509
5.000
5.50¢
6,000
6,500
7.000
LAS0
133
.216
JI00
SR
LRG3
.004
005
42,0891
Jr, e
34.000
35,000
36,000
LALR
020
.038
240
.a5n
260
4.00¢
4,500
5.@%0
5,500
c.epm
e 1.17]

« 450
552
550
200
o370
17l
.500

PMINSs
o1

.8508
.003 33,000

54
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Output following the optimization process

The optimum parameter values for each phase
are shown at the top of page 56. Beneath this the
model output at monthly intervals is given, this time
using parameter values established in the optimiza-
tion process.

After optimum values of the parameters had
been derived for each year on record, the final para-
meter values were arrived at. These values are given
at the top of the table below. The model output at
monthly intervals using these finalized parameter val-
ues is also shown by this table.

Daily output in CFS. Final output from the
model is given on a daily basis; a listing for the water
year 1964 is shown beginning on pages 57 and 58.
The identifiers used are given below.

SI0= .02 SNIC=
ETFs ,592 SI= ,42 ROSs ,010 SMRs
CPFs .0 PMVE U8 GLLS®4,80 GULSE

§S=12,8u SFC=s €,200 WILTs 1,70 QK=
HYDROLOGIC DATA~=-MODEL OUTPUT

.03 SMDICE ,71 GWICs 2,87 SFus
o110 FOm2 00 FC®2,0@0 KNTRE2 KTRL32
«@ GMM® ,BBSNGM=
«15 TGWs

Identifier
TCPQ The daily precipitation, expressed

in cubic feet per second over the

watershed

The daily observed streamflow

The daily computed streamflow

OBSR
COMP

Sample hydrographs

Mill Creek. Sample hydrographs of observed
and computed streamflow for Subwatersheds 1 and
2 (upper and lower, respectively) of Mill Creek are gi-
ven on pages 59 through 62.

Neff’s Canyon. Sample computed hydrographs
for Neff’s Canyon are given on pages 63 and 64.

«00 TAUSKWE (3@ NYRa §

02000 TFHWSNas ,1200@
«@4 TBF® 0,004TRAINa35,8

1@
SI 1.61 SN ,;% SM 1,89 GW 1,76 EP 2,18 AV 1,88 .00
SR .,ee IF .g¢ BF .23 RF ,23 ER ,B2 AE ,B2 VR .00
11

SI .38 SN 1,11 SM 2,32 GW 1,568 EP .79 AV .79 .08
SR .00 IF .o BF .19 RF .20 ER ,85 AF .85 VR .20
12 ‘

8I ,6f SN 1,58 S8M 2,94 Gk 1,38 EP .33 AV .33 .00
SR .,Pp IF .0 BF .18 RF ,18 ER ,P2 AE .B2 VR .00
1=1964

SI .08 SN 5,76 SM 3,56 GW 1,22 EP .25 AV .25 .00
SR ,e¢ IF .ps BF ,16 RF .16 ER .81 AE .81 VR .00
2

SI «B0 SN 7,20 SM 4,14 GW 1,88 EP .34 AV .34 -

sg .00 IF  .a@ BF L1413 RF ,13 ER ,P4 AE ,B4 VR .00

SI L@@ SN 11.04 SM 4,76 GW .96 EP .91 AV 9% .00

SR .em IF ,ee BF ,12 RF .12 ER ,B4 AE ,P4 VR .00
4

81 2,25 SN 14,95 SM 6,08 GW L,B6 EP 2,22 AV 2,22 .00

SR ,p2 IF .pgz BF .12 RF ,11 ER i1 AE .11 VR .00
5

81 2,36 SN 4,27 SM 13,68 GW 4,25 EP 3,30 Ay 3,30 .00

SR ,ep IF .83 BF .21 RF .86 ER .33 AE .35 VR .04
6

SI 1,89 SN ,r9 SM 8,87 GW 4,88 EP 3,99 AV 3.89 SO 5.16

SR .82 IF 1,11 BF .59 RF 1,71 ER .18 AE ,22 VR .00
7

SI «74 SN .00 SM 3,64 GW 4,43 EP 5,71 AV 5,71 SO .28

SR .07 IF ,m¢ BF .58 RF ,67 ER ,B8 AE .28 VR .20
8

SI  ,24 SN .0 SM  ,1! GW 3,92 EP 4,98 AV 3,77 .00

SR .02 IF L,p®m BF .51 RF .51 ER ,D4 AE .34 VR .00
9

SI 1.86 SN  .pR SM 1,21 GW 3,47 EP 3,38 AV 2,24 .00

SR .,ep IF ,p0 BF ,44 RF ,45 ER ,01 AE ,21 VR .00

ANNUAL RF 5,39 ER ,90 AE 1,84 VR 81 PE 28,37 SI 11,39

SUBSURFACE OuT, 5,45 AY 25,80
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i0

SI 1,58

SR o P
11

SI 44

SR 1
12

SI .00

SR .20
1=1964

S1 4

SR 20
2

SI L Q0

SR « AL
3

SI 20

SR AR
4

s1 1,94

SK oY
5

81 2.2%

SR LO0
6

SI 1.91

SR <20
7

81 .84

S8R P
8

Sl 24

SR .OR
9

SI 2,16

SR .00

ANNUAL RF

PHASE 1
GBJ 1.7117
FLR

1 80

2 6,600

3 200

4 17

S SPG

& 34,000

7 O30

8 .30

9 o, 807

143 450

11 .350

10 120
Sh .73 SM
TF .0 BF
SM 1 ,1R SN
IF 7 BF
SH 1,862 SM
IF ¢ BF
SM A 17 SM
1F R BF
SN 7.68 SH
IF B BF
SN 11,73 8M
IF J0G  BF
SN 14,15 SM
IF .76 BF

SN 2,78 SM 1§
IF .78 BF
SN M3 SM
IF 1,22 BF
SN LB SM
IF .14 'BF
SN .08 SM
IF .08 BF
SN .07 SM
IF e BF

5,7¢ ER 5

SUBSURFACE ourT, 7

INITIAL VECTORS

1.25
.22

2.65%
.19

3.27
«17

3,89
15

4,47
.13

5.29
12

7.74
11

5.34
.33

9,56
259

£.43
.59

1,94
53

2.54

.46
7 A
.65

2
.85@8
120
6.500
133
012
003
33.000
240
o0
5,500
.450
500
100
GW 1,77
RF 23
GW 1,58
PF .18
GW 1,46
RF W17
Gh 1,24
RF 153
GW 1,11
RF .13
Gw .99
RF 12
GW 1,31
RF «19
GW 5,.,8p
RF 1,12
Gw 5,00
RF  1.63
GW 4,79
RF 73
GW 4,26
RF «53
GW 3,79
RF 47
2 .83 V

56

3

.8381

120
6.500
2133
+310
003
33,000
249
.3@@
J.000
«453
50
. 193‘7!

EP
ER

EP
ER

EP
ER

EP
ER
EP
ER

EP
ER

EP
ER

EP
ER

EP
ER

EP
ER

EP
ER

EP
ER
R

1.67
.03

.60
.25

.25
.02

19
.21

26
84

.7@
.04

1,69
04

2.52
« 07

3.05
.19

4,36
.82

3,74
,02

2,58
-, 01
01

4
AV 1,48
AE .03
AvY .50
AE W25
AV o5
AE .02
AV 019
AE 21
AY 26
AE W24
AY T2
AE .24
AV 1,60
AE 26
AV 2,52
AE 17
AV 3,05
AE 26
AV 4,36
AE .25
AV 3,74
AE 23
AV 2,58
AE W21
PE 21,63
AV 21.47

5

.Wﬁ

VR 02
.20

VR «29
.40

VR .00@
.00

VR .00
.20

VR + 00
.20

VR 00
20

VR 02
1.07

VR .00
6,05

VR 00
-3

VR 14
<00

VR + 00
00

VR 082

SI 11,46



DAILY OQUTPUT IN

10
TPCQ
0BSR
COMF
TPCQ
OBSR
COMP
TPCAE
O0BSR
COMP
11
TPCO
0BSR
COMP
TPCU
OBSFK
CoMP
TPCO
0BSR
COMP
12
TPCQ
0BSR
COMP
TPCO
0BSR
comp
TPCQ
0BSR
COMP
1
TPCO
0BSR
COMP
TPCQ
OBSF
COMP
‘TPCG
0OBSR
COMP
2
TPCG
0BSR
COMP
TPCQ
0BSR
COMP
TPCQ
OBSR
COMP
3
TPCQ
OBSR
COMP
TPCQ
08S8R
COMP
TPCG
0BSR
COMP

.0
3,282
3,205

45.1
3,202
2,92¢a

98,3
3,200
2.5906

. .w
3,207
2,698
oA
3,200
2,564

.Q
3,200
2,436

¢
2.5%0
2,353
75
2,500
2,253
. @
2.50@
2,156

'9
2,120
2,080

o2
e.1e0
1,990
376.4
2.100
1,924

3.7
2,300
1,837

33.8
2.30@
1,738

11.2
2,300
1,682

18,8
2,100
1,636
222.1
2.100
1,565

75,2
2.100
1,498

CF$

.0
3,200
2,993
342,5
3,200
3.163

3.7
3,200
2,857

7.5
3,230
2,681

.
3.2920
2,547

67.7
J3.220
2,425

2,500
2.345

26,3
2,500
2,244

2,520
2,147

48.9
2,100
2.071

.0
2,168
1,982

26.3
2,108
1.887

7.5
2,300
1,830

33.8
2,300
1.751
116,6
2,380
1,676

248,4
2,100
1,629
185,4
2,100
1,559

41,4
2.10e
1,492

.z
3.200
2,981

.2
3.200
J.074

.0
J.200
2.816

94,1
3,200
2.710

'G
3,200
2.533

.0
3,200
2.414

«0
2,5¢0
2,336

62,2
2,5¢@
2,235

.0
2,500
2.139

3.7
2,100
2,063

.0
2,100
1.974

7.5
2,100
1.889

.m
2,300
1.822

11.2
2,300
1.744
109,1
2,300
1,669

26,3
2,120
1,623

37
2,100
1,553

82,8
2,100
1.486

'D
3,200
2,969

3.200
3,005

3,200
2.783

169,1
3,200
€.679

56,4
3,200
2,563

3.200
2.404

500
2,326
22,5
2,5¢a
2.226

2.500
2,138

3.7
2.100
2,059

.2
e.1082
1.966

2.100
1,882

3.7
2.3pe0
1,815

3.7
2,300
1,737

347
2,30
1,662

18,8
2,100
1.6186

48,9
2.100
1,547
112,9
2,160
1,480

60,2
3.200
3,004

3,200
2.952

J.2a00
2,755

48,9
3,200
2,673
357 ,6
3,200
2,539

J.200
2,394

3,7
2.500
2.317

2,520
2,217

2,500
2,122

7.5
2,120
2,047

2,100
1,958

o0
2,100
1,874

45,1
2,308
1,808

82.8
2.300@
1.730
2,302
1.658

176,89
2,100
1.610

2,100
1,541
131,7
2,100
1,474

57

30,1
3,200
3,003

2
3,209
2,929

3,200
2,732

173.1
J3.200
2.737

3.7
3,200
2,519

3,200
2,384

3.7
2,520
2,308

2,580
2.2@8

32,1
2,520
2,113

26,3
2,100
2,038

37,6
2,100
1.951

.@
2.108
1,867

18,8
2.300
1.80¢

30,1
2.300
1,723

3.7
2,300
1.649

207,09
2,109
1,603

2,100
1,534
2.100
1,468

3,200
2,877

41,4
3,220
2,906

J.200
2.712

75,2
3,200
2,691

3,200
2,502

J.200
2,374

2.570
2,298

2.500
2,198
131,7
2,500
2,105

259,7
2,100
2,038
156.1
2,100
1,949

.z
2,100
1,859

3,7
2.%0
1,798

11.2
2,300
1.716

3,7
2,300
1.642

.a
e,12¢
1.597

18,8
2,100
1.528

2,100
1,462

«0
J3.200
2.9%4

18.8
3,200
2.884

94,1
3,200
2,756

o2
3.200
2,655

.0
3,200
2,486

2
3.202
2.364

67.7
2,308
2,289

0
2.500
2,194

.0
2,508
2,086

3-7
2.100
2,022
125.4
2,100
1,935

38,1
2.100
1,852

3.7
2.300
1,786
2a7.0
2,300
1,709

2.100
1,391

45,1
2.100
1.522

e.100
1,457

3,200
2,934
150,53
3,200
2,967

11.2
3.200
2,724

3.7
3,200
2,629

3,200
2,472

41,4
2,35e0
2,288

15,0
2,500
2,182

2,500
2,088

'0
2.100
2,014

3.7
2,100
1,927

2

L]
2,100
1,844

3.7
2,52
1.779

45,1
2,302
1,733

67.7
2.100
1,584

o9
2.100
1,516

2,100
1,461

3,200
2.916

22,5
3,200
2.926

J.200
2,623
131.7
3,200
2,459

33,8
2.50e
2,271

71,5
2,500
2,173

82.8
2.100
2,006
188,2
2,100
1.920

3.7
ce300
1773

11.2
2.300
1.696

139.2
2,100
1.578

2.100
1.510

J.200
2,900

3,200
2.876

3.200
2.582

3.200
2,447

11.2
2.500
2.262

Je7
2,500
2.164

748
2.100
1,998
5308.7
2.100
1.912

376
2.300
1,765

38,1
2,300
1.689

.e
2,100
1,572
233,3
2,100
1,304



TPCG
OBSR
cCoMP
TPCQ
0BSR
coMP
TPCQ
OBSR
coMpP

TPCG
0BSR
CoMP
TPCE
0BSR
comp
TPCQ
OBSR
COMP

TPCAQ
08SR
comp
TPCG
0BSR
COMP
TPCO
0BSR
COMP

TPCAQ
0BSR
coMp
TPCQ
OBSR
CoMP
TPCG
OBSR
CoMP

TPCG
0BSR
COMP
TPCE
0BSR
COMP
TPCG
OBSR
COMP

TPCQ
0BSR
COMP
TPCQ
OBSR
COMP
TPCQ
0BSR
COMP

195,7 86,5 7,5 L2 225,8 1.2 37,6
2,502 2,50 2,500 2,560 2.50@ 2,500 2,500
1,597 1.563 1,525 1,496 1,560 1,519 1,487
173,.1 N 2 «0 .0 @ 71,5
2.5%¢r 2,.50¢ 2,500 2,500 3,320 3,200 3I.200
1,552 1,502 1,464 1,435 1,412 1,393 1,433

. 385,2 82,8 466,7 105,.4 .0 3,7
3,300 3,560 3.50¢ 3,50p 3,500 3,870 4,200
1,389 1,469 1,425 1,418 1,504 1,510 1,526

3¢.1 248,4 41,4 3,7 225.,8 79,8 22,5
4,600 4,60 4,500 4,300 4,300 4,290 4,100
2,728 2,740 2,055 2,074 2,182 2,182 2,191

3.7 7.8 3.7 22,5 3.7 3,7 3.7

'@ 2 534,58 .2
2.500 2,500 2,500 2,500
1.461 1,441 1,702 1.616
203,2 150,93 52,7 26,3
3,200 3,200 3,.208v 3,200
1.459 1,483 1,454 1,417

3.7
4,500
1,547

19,5 60.2 94,1 63,9
4,200 4,100 4,300 4,800
2.905 2,327 2,386 2,415

3.7 3.7 3.7 6'2

%5.,40¢ 7,020 8,90019,00012,00014,00016,00016,00016,00018,30021,000
2,727 3,772 4,941 6,273 7,696 9,10410,309711,65313,20214,79616.214

21r.8 22,5 (8,8 11,2 37,6 26,3 127,9

56,4 11.2

25,828 ,0C032,00032,00034,80032,09030,20025,20022,000
17,94419,07520,65722,18423,43824,25024,13324,008724,267

W2 11,2 3.7 W0 26,3 7.5 97,8

22,5 11,2 @ 11,2

22,00023,00030,00034,00034,00038,080040,4¥0032,00026,00022,00021.090
24,74925,53626,40827 ,02127,74728,57628,42927,59126,69825,61324,664

22.5 48,1 3.7 15,0 2 11,2 60,2

60,2 15,0 184,4 26,3

21.00021,70021,.60020,00020,00022,20021,600W20,0001€,0M02},0002R.200
23,81823,17022,23721,38820,75620,21919,74919,28918,78618,65718,184

2.7

48,9

67,7

3.7

0

o0

19,2€016,00018,00018,00018,00017,20016,20¢15,000
17,71817,31516,94216,37815,61214,92214,21913,553

3.7 3.7 3.7 3.7 3.7 B.7 37

3.7 7.5 3e7 3.7

14,00014,02013,02013,00012,00012,00011,00011,00010,00010,200 9,800

12,92912,33111,75811,18010,66710,173 9,639

3,7 3.7 3.7 383,8 3.7 3.7 Se7
9,1¢9 8,6M0 8,600 9,100 8,200 8,200 7,800
7.391 7,179 7,150 7,961 7,871 7,478 7,177

3.7 3.7 3.7 3.7 3.7 3.7 3.7
7.000 7,000 7,000 7,402 7,49¢ 7,800 8,200
6,953 6,918 6,886 6,855 6,825 6,796 6,767

o0 «9 .2 3.7 3.7 8 .0
7.800 7,800 7,809 7,800 7,8a8Q 7,800 7.800
6,688 6,657 6,627 6,801 6,575 6,546 6,518

te -m .g 15.0 33.8 .D .Q
6,400 £,100 6,100 6,400 6,400 6,408 6,402
6,385 6,359 6,333 6,320 6,318 6,284 6,252

2 .0 .0 o0 0 11,2 o0
6,700 6,700 6,400 6,400 6,700 6,780 6,400
6,116 6,050 6,264 6,239 6,814 5,998 5,972

7.5 7.5 7.5 7.5 7.5 7.5 7.5
6,400 6,400 6,400 6,400 6,400 6,100 6,100
5,909 5,887 53,865 5,843 5,820 5,797 5,775

7% 7.5 7,5 406,5 7,5 7.5 52,7
5,800 5,800 5,8e¢@ 5,6¢0 3,600 5,600 5,620
5,714 5,678 5,645 5,926 5,818 5,732 5,608

7.5 7.5 7.5 7.5 7.5 7,5 447,98
5,600 5,600 5,600 5,500 5,620 5,600 3,600
5,457 5,426 5,397 5,370 5,345 5,321 5,640
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$,172 8,696 8,274 7,828 °

3.7 7.5 3.7 3,7
7.000 7,000 7,008 7,000
7.121 7,074 7,030 6,989

.0 18-8
8.200 7,800
6,736 6,721

l@ .G la Ia
7.4002 7,000 6,409 6,400
6.494 6,464 6,437 6,411

1112 .G " .B
6,700 6,720 6,700 6,702
6,234 6,200 5,171 6,143

7.5 7.9
6.400 6,400
5.9%52 5,931

229,6 7,8 748 75

6,108 6,100 §,800 5,800

5,925 5,857 5,801 5,754
7.5 7,3 7.5 7.5

5,500 5,800 5,600 5,600

5.632 5,577 5,531 5,492
11,2

5,600

3,531



PAGE 3 c HYDROLOGY SIMULATION=SUBROUTINE HYDRGY

GWRe (1 ,=GK) »08W
OSH=OSW*GRK
GWICSGWIC+GWR
SUMNR®SUMNR+OSW

83 CONTINUE

85 RUNOFFs (SRO+03W+CHPF)
SUMsSUM+RUNOFF
COMP (1) sRUNOFF#XXCF

WRITE(8,40)PPT,81A,FT,SMOIC,8R0,08W,BF,RUNOFF,!
120 CONTINUE

40 FORMAT(1H@,2HPT,F4,2,2X,2HST,F3,2,2%,2HFT,Fd4.2,2X,2HSM,F6,2,2%,2HS
iR, F4,2,2X,2HIF,F4,3,2X,2HBF ,F5,2,2X,2HRF,F4,2,6X,12)
106 WRITE(KW,102)SUMPT,SUMSI,SMOIC,SUMSRO, SUMNR,SUM,ERSUM,ABE, I
102 FORMAT(////4Xs3HTPY,FS5,2,2X,2H8I,F4,2,2X,2HSM,F6,2,2X,2HSR,F5,2,2X
{,2HIF,F5,2,2X,2HRF,F6,2,2X,2RER,F6,4,2X,2HAE,F6,4,2X,12)
WRITE (6,42)GWIC
42 FORMAT(1H®,32HINFLOW INTO GROUNDWATER STORAGE ,F4,2)
IF (KNTR,EQ.$)GO TO 199
CALL OUT
43 CONTINUE
0BJs=ABE
188 RETURN
END
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241

245

250

ie

{ c
SUBROUTINE GRAPH

COMMON/BLKS/CP(12),PRCP(48),BFA(48)
1/BLK2/STRM(48) ,NPPT ,NSTRM, INDEX
2/BLK3/COMP (48),XXCF,DURB,P,ENIC,8MIC
3/BLKA/KTRL,KNTR,0BJ,NYR, MYR
4/BLK5/810,8M0OIC,GWIC,SFW,TAUSW,81,F0,85,8FC,TGW,QK,FC,KK,KR,KW,CPF

DATA JJ,XSCALE,YSCALE,XREF,YREF,XP, YN, XVAL, XN, YVAL,YP/@)larle;0.,9
1.'19.'-!000010 zlzl1go/

DATA ISP,ISLSH/IH ,1H//

CALL PLTSET(XSCALE,YSCALE,XREF,YREF,XVAL,YVAL,XP,YP,XN,YN)

CALL SBYSET

PAUSE 12100

COMPUTED STREAMFLOW PLOTTING

JJnQ

CALL PENDN

YYSCOMP (1)

YeYY¥Q,B3

Xs2,0

CALL PLOT(X,Y)

DO 245 I®i,NSTRM

JJsJJey .

XaFLOAT(JJIw(,25)

YYSCOMP(I)

YaYyeQ@ 23

CALL PLOT(X,Y)

CONTINUE

CALL PENUP

CONTINUE

Xs0,

Yaio,

CALL INPLOT (X,Y)

JJ=2

YPsQ,

YVAL=D,

YNwei@,

CALL PLTSET(XSCALE,YSCALE,XREF,YREF,XVAL,YVAL,XP,YP,XN,YN)

CALL SBYSET

CONTINUE

PAUSE 11@@

PRECIP PLOTTING

CALL PENDN

Do 225 Is}i,NPPT

JJeJJ+l

XeFLOAT(JJ)#(,25)

YYWPRCP(I)

YoawYYe2,2

xlx'-25 .

CALL INPLOT(X,Y)

XuXe,25

CALL INPLOT(X,Y)

CONTINUE

CALL PENUP

X=0@,

Ya={@,

CALL INPLOT(X,Y)

JJso

YVAL®20Q,0

Ypei0,

YNs=Q,

RETURN

END
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Procedure

Appendix C

Calculation of Depth and Velocity of Flood
Flows from Neff’s Canyon

The depth and velocity of flood flows from areas
above Olympus Cove may be calculated as described be-
low. Graphed solutions of Manning’s equation (Chow,
1964, p. 21-54) are utilized.

1.

Determine the area (A) in square miles of the
watershed contributing to the flood runoff.

From the table given in Figure C-1 (derived
from Figure 18) determine the peak runoff
from an area of one square mile (q,;) for the
appropriate antecedent soil moisture level
and storm recurrence interval.

Calculate the actual peak runoff rate (Q):

Q=qy- A ......... (C-1)

From Chow (1964, Figure 21-17) derive
the value of Vr is equal to V d for sheet flow).

The degree of vegetal retardance and the value
of Manning’s n for the “brush” hillsides above
Olympus Cove are taken as C and 0.080 re-
spectively.

If d is the depth of the flood wave, W the
width of the wave front, and V the mean
velocity (Figure C-1) then:

Q=L(MVd .......... (C2)

and L=Q(Vd) .......... (C3) .

Using the curve for solution of Manning’s
equation for a C degree of retardance (Chow,
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1964, Figure 21-20), read off the value of
mean velocity V and depth of flow d (equal
to r on the curve when sheet flow occurs).

Example

What is the depth and mean velocity of sheet flow
from Neffs Canyon resulting from a “100-year storm”
with an antecedent soil moisture level of 8.5 inches and
a contributing area of 3.5 square miles?

Figures C-2 shows the likely extent of flooding
from this storm. Suppose the depth and velocity of flow
are required along line AA, where the ground slope is 20%.
1. From the table in Figure C-1, q; = 354 cfs
2. Then from Equation C-1:
Q=354 (3.5)=1,240 cfs

3. From Chow (1964, Figure 21-17) the value
of V-dis1.2

4.  Then from Equation C-3, the width of the
flood wave

W = 1240/1.2 = 1030 feet

5.  From Chow (1964, Figure 21-20) with re-
tardance C, and n = 0.080, and a 20 percent
slope, the depth and mean velocity of flow
are, respectively:

V=4.0fps, and d = 0.3 ft



Values of Peak Runoff,qu,
in cfs per Square Mile

Recurr- Antecedent
ence Soil Moisture
Intervals (ins)
Gears) 75T 6.5 [11.0
10 29 72 126
25 80 143 200
50 152 228 292
100 280 354 417

Figure C-1. Parameters used in the calculation of depth and velocity of flood flows.
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Figure C-2. Map showing location of the wave front used in the sample calculation.
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