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| NTRODUCTI ON

The design of hydraulic structures for use in ungaged drai nage basins
requires sone estimate of flood flows and their frequency of occurrence
Because no historical streanflow data exist for these drai nages, floods are
estinated either by regional frequency analysis or, with the help of
digital conmputers, by paranetric rainfall-runoff event sinulation

Conmputer mnodels dealing with rainfall-runoff event simulation are
commonly used today by engineers and hydrol ogi sts. These npdels are used
to predict flood hydrographs given an input rainfall volune, distributed
over tine in sone manner, and certain geonorphic basin paraneters.

Studies exist in the literature docunenting the effects of tine
distribution of rainfall on runoff hydrographs. The reader is referred to
works by Wi and Larson (1971), Yen and Chow (1980), and Shanholtz and
Di ckerson (1964) as exanpl es. Because this relationship between the tine
distribution of rainfall and hydrograph characteristics exists, the separ-
ate study of stormrainfall is essential for accurate flood prediction
regardl ess of other variables that also influence the runoff process.
Addi tionally, nmet hods of constructing design storns are available and in
wi de use, but they are general in nature and assune storms occur with the
same tenporal distribution across nuch of the country. Because of the
drastic climtic differences between the areas enconpassed by existing
procedures, it was felt their design curves are not likely to be
representative of the actual time distribution of storns in sem-arid

regions such as Wom ng. It was, therefore, decided to devel op a new



design storm construction procedure applicable to the State of Wom ng
based on observed storm rainfall in Won ng. This new design storm

nmet hodol ogy is the topic addressed herein.

REVI EW OF PREVI QUS WORK

Rel atively few precipitation studies nmade to date deal wth the
tenporal distribution of rainfall as used by hydrol ogists and engineers in
paranetric flood prediction

The Soil Conservation Service (SCS) nethod (1973) presents two

tenporal rainfall distribution curves for runoff prediction. For studies
in Hawai i, Alaska, and the coastal side of the Sierra Nevada and Cascade
nountain ranges, the Type | and | A curves are used. The Type Il curve is

applied in the remaining part of the United States, Puerto Rico, and the
Virgin |slands. These curves are based on generalized rainfall depth-
duration curves obtained from published data of the U S. Weat her Bureau
(National Cceanic and Atnospheric Adm nistration). Al'l  design storns
devel oped with this method, regardless of duration, are based on the 24-
hour volume for a given frequency and | ocation

The Bureau of Reclamation nethod (1977) is developed in two parts, one

for the United States east of the 105° neridian and the other for areas

west of the 105° neridian. The procedure requires arranging hourly
rainfall increments in a specified sequence depending on the duration and
type of storm (thunderstorm or general storm. Maxi mum 6-hour point

rainfall values are used in designing general storns, and naxinmum 1-hour

point rainfall values are used in designing thunderstorns.



The U.S. Weat her Bureau procedure (1961) uses depth-duration-frequency
(DDF) curves in design storm construction. In this nethod rainfal
intensities are obtained from the DDF curves for a given frequency and
duration at a certain locality. These intensities are then rearranged
arbitrarily to forma stormpattern

Kerr, et al., (1974) present a nethod of hyetograph construction for
the State of Pennsyl vania. Cumul ative dinensionless rainfall versus tine
graphs used by the nmethod are derived from historical rainfall data. The
curves allow the user much flexibility because, rather than define a single
storm sequence, they bracket a range of possible storm patterns. Picking
the time distribution of a design stormis up to the user, provi di ng he
stays within the limts of the bracketing curves and the mininum and
maxi mum i ntensities given.

Huf f (1967) presents a procedure derived from heavy storns observed in
I11inois. H's distribution patterns are based on the time quartile in
which the majority of rain occurs for a given storm For each quartile
storm type, frequency values are given so that the user knows the return
peri od of his design storm

A nethod described in Keifer and Chu (1957) uses intensity-duration-
frequency curves for hyetograph design at a given |ocation. I n general
the proposed storm pattern is fit to exponential growth and decay curves
with the nobst intense part of the storm defined by a paraneter ternmed the
"advanceness ratio." This nmethod was devel oped in Chicago for urban sewer
design but can easily be used in other areas of the country where adequate

rainfall records are avail abl e.



Frederick, et al. (1981) devel oped annual naxi num precipitation events
for different durations. The largest precipitation amunts for the
sel ected durations which coincide with a given duration event are sel ected.
The events are stratified according to nagnitude and ratios of shorter to
| onger duration precipitation totals are forned. Accunul ated probabilities
of this ratio are suggested as a tool to estimate precipitation increnents
necessary in the synthesis of precipitation nmass curves. By analyzing the
relative timng of the shorter duration event within the |onger duration

event, a characteristic tinme distribution can be devel oped.

METHODOLOGY

Accunul ation of Rainfall Data

The study of tine distribution of rainfall requires historic data
recorded as nearly continuously as possible. Because continuously recorded
rainfall data were not available in the quantities needed for this study,
di screte data were used. Hourly neasurenents fromthe National COceanic and
At nospheric Adninistration (NOAA) publications (1948-1979) provided the
data base for the study of general storns while the five-mnute increnental
precipitation data available in Rankl and Barker (1977) were used in
t hunderstorm anal ysis. Table | describes the precipitation stations used
from both sources.

The definition of a storm had to be established before usable
i nfornmati on could be obtained fromthe data. |In this report, the criteria
used for defining a stormare as foll ows:

CGeneral Storm - preceded and followed by at | east two hours of

zero rainfall



TABLE 1.

PRECI PI TATI ON STATI ONS PROVI DI NG DATA FOR STUDY

Ref er ence Locati on Nane or Maj or Drai nage Recor di ng

Nurber Nurber Basi n Source Interval
1 Casper WSO AP North Platte NOAA! Hour |y
2 Cheyenne WSFO AP North Platte NOAA Hourly
3 Dougl as Avi ati on North Platte NOAA HOURLY
4 Encanpnent North Platte NOAA Hourly
5 Jel m North Platte NOAA Hourly
6 Larami e 2 WsW North Platte NOAA Hourly
7 Medi ci ne Bow North Platte NOAA Hourly
8 Oregon Trail Crossing North Platte NOAA Hourly
9 Pat hf i nder Dam North Platte NOAA Hourly
10 Phillips North Platte NOAA Hourly
11 Pine Bluffs North Platte NOAA Hourly
12 Rawl i ns FAA AP North Platte NOAA Hourly
13 Saratoga 4 N North Platte NOAA Hourly
14 Sem noe Dam North Platte NOAA Hourly
15 Shirley Basin Station North Platte NOAA Hourly
16 Torrington 1 S North Platte NOAA Hourly
17 VWheat | and 4 N North Platte NOAA Hourly
18 Buf f al o Powder NOAA Hourly
19 Dougl as 17 NE Powder NOAA Hourly
20 Dul I Center Powder NOAA Hourly
21 Gllette 18 SW Powder NOAA Hourly
22 Hat Creek 14 N Powder NOAA Hourly
23 Lance Creek Powder NOAA Hourly
24 Moor cr of t Powder NOAA Hourly
25 Mil e Creek Powder NOAA Hourly
26 Newcast | e Powder NOAA Hourly
27 Gsage Powder NOAA Hourly
28 Pine Tree 9 NE Powder NOAA Hourly
29 Powder River Powder NOAA Hourly
30 Recl use Powder NOAA Hourly
31 Sheri dan W50 AP Powder NOAA Hourly
32 Story Powder NOAA Hourly
33 Boysen Dam Bi g Horn NOAA Hourly
34 Lander W50 AP Bi g Horn NOAA Hourly
35 Met eetse 1 ESE Bi g Horn NOAA Hourly
36 Powel|l Field Station Bi g Horn NOAA Hourly
37 Ri verton Bi g Horn NOAA Hourly
38 Tensl eep 4 NE Bi g Horn NOAA Hourly
39 Ther nopol i s Bi g Horn NOAA Hourly
40 Ther mopol i s 25 WNW Bi g Horn NOAA Hourly
41 Wor | and Bi g Horn NOAA Hourly
42 Bi g Pi ney Green NOAA Hourly
43 Mount ai n Vi ew Green NOAA Hourly



TABLE |. conti nued

PRECI PI TATI ON STATI ONS PROVI DI NG DATA FOR STUDY

Ref erence Locati on Name or Maj or Drai nage Recor di ng

Nunber Nunber Basi n Source Interval
44 Mud Springs Green NOAA Hourly
45 Rock Springs FAA AP Green NOAA Hourly
46 Lake Yel |l owst one Yel | owst one NOAA Hourly
47 Jackson Snake NOAA Hourly
48 Moran 5 VW Snake NOAA Hourly
49 Evanston 1 E Bear NOAA Hourly
50 06631150 North Platte USGS? 5-mnutely
51 06634910 North Platte USGS 5-mnutely
52 06634950 North Platte USGS 5-mnutely
53 06644840 North Platte USGS 5-mnutely
54 06648720 North Platte USGS 5-m nutely
55 06648780 North Platte USGS 5-mnutely
56 06312910 Powder USGS 5-m nutely
57 06312920 Powder USGS 5-mnutely
58 06313050 Powder USGS 5-mnutely
59 06313180 Powder USGS 5-m nutely
60 06316480 Powder USGS 5-mnutely
61 06382200 Powder USGS 5-mnutely
62 06233360 Bi g Horn USGS 5-mnutely
63 06238760 Bi g Horn USGS 5-m nutely
64 06238780 Bi g Horn USGS 5-mnutely
65 06256670 Bi g Horn USGS 5-mnutely
66 06267260 Bi g Horn USGS 5-mnutely
67 06267270 Bi g Horn USGS 5-mnutely
68 06274190 Bi g Horn USGS 5-mnutely

T NOAA (1948-1979)
2 Rankl and Barker (1977)



- at least four hours in duration
- at least one. half (0.5) inch in volume

Thunder storm

preceded and foll owed by at |east one hour of
zero rainfall
- at least twenty minutes and at nost four hours

in duration

at least one-half (0.5) inch in volune

These criteria are arbitrary but consistent with simlar criteria put
forth by Huff (1967), Ward (1973), and Croft and Marston (1950). M ni mum
duration requirements were used to nake sure the time distribution of any
storm was described by at |east four data points. In all, 531 general
storms and 72 thunderstorns were examni ned.

The period of record represented by the data at nobst stations covers
the years 1969-1979, though the lack of definable storns at some stations
required data fromas far back as 1948. Because the devel opnent of design
storms inherently assumes future rainfall events will occur with the sane
distribution as past events, the use of data from stations with variable
peri ods of record is acceptable.

Description of Study Areas

The State of Womnming was divided into its major surface water drainage
basins for this study. This was done to see if differences in storm
rainfall characteristics exist between basins. Figure 1 shows the entire

State of Woning divided into these nmajor drainages.

Anal ysis of Storm Paraneters

Determining if differences in storm rainfall characteristics exist

bet ween basins requires statistical analysis of certain storm paraneters.
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Figure 1. Map of the State of Wyoming showing the major surface water
drainage basins. Station numbers refer to Table I.



Definitions of parameters used in describing stormrainfall follow
Storm Duration - the ampunt of elapsed time, in hours, fromthe

beginning to the end of a storm

St or m Vol une - the total ampount of rainfall measured during a
storm in inches.

StormIntensity - the average rainfall rate during a storm in inches
per hour, calculated by dividing a storm s vol ume
by its duration.

Percent Tinme to Peak Intensity - that anpunt of tine, expressed as a
percent of total stormduration, fromthe begi nning
of a stormto the period of nobst intense rainfall

Pattern I ndex - the area beneath a di nensionl ess cunul ative rainfal
versus tinme curve, expressed as a decimal or as a
percent.

Pattern Index and Percent Tinme to Peak Intensity were the paraneters
used for deternmining if differences in the tine distribution of rainfal
exi st between basins. This determ nation was made using a one-way analysis
of variance technique for sanmples of unequal size. The procedure,
described in MIller and Freund (1977), tests for differences in the
popul ati on neans for the populations from which the sanples were taken.
Such tests indicate if significant differences in paraneter values exist
between all the nmjor drainages. If differences existed, the state would
have to be divided accordingly before design storns could be constructed.
If no differences existed, the state as a whole could be analyzed with the

resulting design stornms applicable statew de.



10

Construction of Design Curves

Al'l the observed dinmensionless nmass rainfall curves are superinposed
on one graph to create a famly of "probable" storm patterns. Such an
approach to design storm devel opnent is described in Kerr, et al. (1974).
The method's nost attractive feature is its flexibility, allow ng the user
his choice of three given design hyetographs, as well as the freedomto
construct his own hyetograph, within limts. Such flexibility is desirable
when, for exanple, a person is designing a structure based on peak flowate
in one instance and on runoff volune in another. The use of several curves
can allow naximnzation of either peak flowrate or runoff volunme for a
given storm volume. A single design curve does not have this ability.

Figure 2 is a set of design curves. All of the storms used in the
devel opnent: of this set of curves are non-di nensionalized and plotted on
one graph of percent rainfall versus percent tine. The bold vertical lines
at each ten percent tine increment represent the range of all storm data
used. In the center of the plot is the nean curve. The curve is fit
through the points representing the average cunul ative percent rainfall at
each ten percent tine increnent. It should be noted that the nmean curve
does not describe the average observed storm rather it shows average
accumul ated rainfall with tinme based on all stornms used. Al so drawn on the
plot: are ten percent and 90 percent limt curves. The ten percent Ilinit
curve represents, at a given percentage of storm duration, that value
above which ten percent of the storms had accunul ated nmore precipitation.
Simlarly, ten percent of the storms had each accumulated |ess than the
val ue described by the 90 percent limt line at a given percentage of storm

duration. It is not correct to assune that ten percent of the storns were
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totally above the ten percent limt line or totally below the 90 percent
l[imt line. The use of ten percent as the cutoff when defining the upper
and lower [imt lines is arbitrary but reasonable. Using a snaller cutoff

percentage resulting in a broader set of enveloping limt curves would be
too general to accurately predict probable storm patterns. A |arger cutoff
value would result in a narrower envelope and a loss in flexibility of the
nmet hod.

Under the assunption that future rainfall events will have the sane

time distribution as past events, these limt curves are the boundaries of

a region of probable storm sequences. The user of the curves has the
freedom to use either limt curve, or the mean curve, when choosing a
design storm In fact, he may pick his own storm sequence as long as he

stays between the linit curves at all times and adheres to the nmaxi mum and
m ni mum sl ope guidelines printed at the top of Figure 2. These guidelines
are constructed in a manner similar to the limt curves in that for each
ten percent time interval they represent intensities exceeded by ten
percent of the storns (the steeper line) as well as intensities exceeded in
90 percent of the storns (the less steep line). In using these intensity
gui delines, the designer cannot create a stormwith an intensity greater
than the value defined by the steep line or less than that defined by the
shallow line for the appropriate ten percent increnent of storm duration.
The nunber acconpanying each of these lines at the top of Figure 2 is the
sl ope of that line.

Designing storms in this manner makes the utnost use of historical

rainfall patterns while allowing the user flexibility in choosing the tine
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distribution which will provide the critical peak flowate or runoff vol unme
for his purpose.

Conpari son of Storm Design Met hods

The creation of new storm patterns for use in a particular region is
logically acconpanied by a conparison of the results of using the new
method with results obtained using established design storm techniques.
Such a conparison will prove the need for the new region-specific design
curves if the existing general nethods do not produce sinmilar runoff
characteristics when applied to a given event.

The different storm designs are conpared by inputting themto four
different rainfall-runoff simulation nodels and examining the runoff
hydr ographs produced. Thunderstorm and general storm runoff are simulated
wi th each nodel. For each nodel and stormtype the infiltration paraneters
are held constant so that any differences noted in outflow hydrograph
characteristics can be attributed to differences in the input hyetographs.
The nodel s used are described in Table Il. In addition to the design storm
construction nmethod presented in this paper, techniques given by the U S.
Soi |l Conservation Service (1973) and the U S. Bureau of Reclamation (1977)
are used for conparative purposes. These last two nethods have already

been described in the review of previous work.

DESI GN STORM RESULTS

Statistical Analysis

Exani nation of the |inear regression and analysis of variance (ANOVA)
tests performed on the rainfall data |leads to the follow ng concl usions:

1. A difference in the tinme distribution of thunderstormrainfall



TABLE 11

DESCRI PTI ON OF DI G TAL COVPUTER MODELS USED | N DESI GN STORM COVPARI SONS

Model

Citation

Met hod of estinmating
infiltration

Met hod of constructing
out f | ow hydr ogr aph

SCS Tri agul ar

Hydr ogr aph

HEC- 1

HYMO

USGS

U S. Soil Conser-
vation Service
(1972).

U. S. Arny Corps
of Engi neers
(1973).

Wl lians and Hann
(1973). U.S. De-
partment of Agri-
cul ture.

Dawdy, David R,

John C. Shaake, Jr.

and WIlliamM
Alley (1978).
U S. Geol ogica
Survey.

Uses a "mnimuminfiltrati on
rate" and runoff curve num
ber based on soil type.

Uses an exponentially decay-
ing function that depends on
rainfall intensity and ante-
cedent | osses.

Simlar to SCS net hod
above; uses curve nunber and
mnimuminfiltration rate.

Uses the Philip (1954) var-
iation of the G een- Ampt
(1911) equation. Method in-
cl udes soil - noi sture account -
i ng between stormns.

Rel ates i ncrenental excess
precipitation to incremental
runof f with a hydrograph
that is triangular in shape.

Derives outfl ow hydrograph
fromeither (1) unitgraph
i nput by either, or (2) Cark
(1945) synthetic unitgraph

Uses di nensi onl ess unitgraph
(descri bed by exponentia
expressions relating flowate
to tinme) and a "di nensionl ess
shape paraneter.”

Perfornms finite difference
solution of kinematic wave
equation for each channel and
overland fl ow segnent in drain-
age basin.
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compared to general stormrainfall exists for the entire State
of Wom ng.

2. The time distribution of both thunderstorms and general storns

i s not dependent upon the drainage basin in which the storns
occur.

3. No relationship exists between tinme distribution character-

istics and duration of general storms or thunderstorns.

Inferred by 1 and 2 above is the need for only one set of general
storm design curves and one set of thunderstorm design curves for use
statew de. Conclusion 3 says that design storms of varying duration, i.e.,
1-, 2-, or 3-hour thunderstorns or 6-, 12-, or 24-hour general storns, can
all be handled with the sane set of design curves. Table 111 lists the
results of selected inportant linear regression and ANOVA tests used in
drawi ng these concl usions. The rest of the statistical analysis results
can be found in Tyrrell (1982).

Probably the nobst outstanding characteristic of the storns analyzed is
their individual diversity. This sane finding is corroborated in the paper
by Kerr, et al. (1974) for storms in Pennsylvania. It is precisely because
of this diversity that the use of an envel oping set of curves is preferred
to the use of a single stormpattern when attenpting to predict runoff.

Presentation and Use of Design Curves

Figures 2 and 3 are the design curves for thunderstorns and general
storms, respectively, constructed according to the procedures outlined

previously. Figure 2 is to be used when the duration of the design storm



TABLE 111

RESULTS OF SELECTED STATI STI CAL ANALYSI S OF RAI NFALL CHARACTERI STI CS

Li near Regression

Correl ation

Dependent Vari abl e Vs | ndependent Vari abl e Coefficient (R Concl usi on

Pattern Index for all Duration of all storms. . 167 No significant relationship.

storns.

*Duration of all general Percent tine to Peak In- . 055 No significant relationship.
stornms-North Platte tensity-general stormns-
dr ai nage. North Pl atte drainage.

*Duration of all thunder- Percent tine to Peak In- . 170 No significant relationship.
stornms-North Platte tensity-thunderstorns-

dr ai nage. North Pl atte drai nage.




TABLE 11, continued

RESULTS OF SELECTED STATI STI CAL ANALYSI'S OF RAI NFALL CHARACTERI STI CS

Anal ysis of Variance

Nul I Hypot hesis (H,) F Statistic Concl usi on

Data Fos  Fio
Pattern | ndex val ues for general 1.22 2.44 1.99 Do not reject H,; conclude no difference
storns are equal for all five in Pattern I ndex due to drai nage basin
nmaj or drai nages. | ocation
Pattern | ndex val ues for thunder- .79 3.14 2.38 Do not reject H,; conclude no difference
storns are equal for three in Pattern I ndex due to drai nage basin
nmaj or drai nages. | ocation
*Pattern I ndex val ues are equal for 24. 65 3.91 2.74 Rej ect H,; conclude sone difference in
t hunder storns and general storns- Pattern Index due to type of storm

North Platte River drainage

*Results fromthe North Platte drai nage data analysis are presented as an exanple. Results fromthe
ot her basins are sinlar
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*Numbers with each line describe the slope of that line.
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of interest is less than four hours. Figure 3 is used for events four

hours | ong or |onger.

Following is a list of steps involved in using the design curves:

1.

Select the stormtype to be sinulated at a certain |ocation

for exanple, the 10-year, 6-hour event at Buffalo, Wonmn ng.
Consult sone source of rainfall frequency data, such as the

Rai nfall Frequency Atlas by Mller, et al. (1973), to find the
vol ume of rain expected for this event.

Sel ect the appropriate set of design curves. For the exanple
above, the general stormcurves (Figure 3) are applicable
because the duration is |longer than four hours.

Sel ect one curve fromthe plot, either the ten percent or ninety
percent linmit curve, the nean curve, or some non-standard curve
When choosi ng a non-standard curve, the user nust remenber to
stay on or between the linit curves at all times. Also, the
steepness (intensity) of a curve in any ten percent time
interval is dictated by the "maxi num and m ni rum al | owabl e
intensities" shown at the top of the design curves. A non-
standard curve must not be nore steep than the steeper of these
two lines (the maxinumintensity line), or less steep than the
line with smaller slope (the mininumintensity line) in any
given ten percent interval of stormtine. Exanples of non-
standard tinme distributions are given in follow ng sections of
this report.

Using the curve from Step 3, select the percent rainfall val ues

that correspond to the percent tinme values. A maximumtime
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interval length of one hour is suggested. Table IV recommends

percent tine increnents to be used for storms of varying duration.

TABLE IV

RECOMVENDED TI ME | NTERVALS AND CORRESPONDI NG PERCENT
TI VE | NCREMENTS FOR OBTAI NI NG RAI NFALL VERSUS
TI VE DATA FROM DESI GN CURVES

Interval as a

Storm Recomended Nunmber of Percent of
Dur ati on Tinme Interval Interval s St orm Dur ati on
30 m nute 5 mnute 6 16. 67%

1 hour 10 minute 6 16. 67%

2 hour 15 mnute 8 12. 50%

3 hour 15 m nute 12 8.33%

6 hour 30 m nute 12 8.33%

12 hour 1 hour 12 8.33%
24 hour 1 hour 24 4.17%

5. Organize the data obtained in Step 4 into the formrequired
by whatever nodel is being use; i.e., rainfall either as
actual depth or a percent of storm val ue, sequences either
cunul ative or increnental.
6. Run the npdel with infiltration and geonorphic paranmeters as
required.
It is reconmended that the user run several simulations with different
hyet ographs to determine the critical runoff volume or peak flowate. The
suite of design curves used probably will include both limt curves, the

nmean curve, and several curves chosen arbitrarily by the user.
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A paraneter not included in this study is the areal distribution of
rainfall. Therefore, the user of the nethod presented here is obliged to
reduce point rainfall values when working with large drainage basins.
Met hods of reducing point rainfall with increasing drainage basin area are

presented in Design of Small Dans (U.S. Bureau of Reclamation, 1977) and in

the Rainfall Frequency Atlas (Mller, et al., 1973). These reductions are
necessary because of the tendency of point rainfall values to overestimte
actual areal precipitation on |arge areas.

Because this new design nmethod depicts "probable" events, rather than
extrene events (i.e., ultra-high-intensity bursts or |ong periods of very
intense rain), it should not be used when designing for runoff due to
"probabl e naxi munt rainfall. Existing nethods for probabl e nmaxi num design

(as in Snmall Dans) should be consulted for those cases.

RESULTS OF DESI GN STORM COVPARI SONS

Ceneral I nformation

The purpose of this section is to conpare the use of differing design
storns in parametric flood prediction. Conputer nodels used are HEC-1,
HYMO, HYDRO (SCS Tri angul ar Hydrograph nethod), and USGS (USGS distributed
routing nodel). The reader is referred back to Table Il for descriptions
of these nodels. Design storns reconmended by the U. S Bur eau of
Recl amation (1977) and the U. S. Soil Conservation Service (1973) are used
in the conparison.

The procedure followed in the conparison was to input differing
design stornms to a nodel, while leaving all geonorphic and | oss paraneters

unchanged, and exami ne differences in the sinulated outflow hydrograph peak
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and vol une. Variations thus found are attributable to variations in the
i nput hyet ogr aph.

Sonme problens were encountered in the use of existing design storns.
For exanple, the SCS method, rather than using a rainfall volune based on a

certain duration for a given frequency, uses the 24-hour amunt for

designing stornms of all durations. This practice results in slightly
different storm volumes than those found in the Mller, et al. (1973),
publication for varying durations. Despite this anomaly, the SCS

hyet ograph was used without a volume correction. Thus, a valid nethod-by-
nmet hod comparison is ensured. The Bureau of Reclamation (BUREC) nethod
also involves an odd twist basing its storm volumes on fractions and
multi ples of the 6-hour value for a given frequency. Modern practice has
corrected this deficiency by allowing the use of volunmes expected for
various durations, not a manipulation of the 6-hour anount, while retaining
the recommended tine sequence. The BUREC nethod also typically calls for
basi ng designs on runoff from a 3-hour thunderstorm and an 18-hour genera

storm Because there exists no 18-hour duration precipitation data, no
storns of this length were used in conparison. Al so, a 2-hour thunderstorm
was deened nost representative of short duration events (thus, the 3-hour
event was not used).

Storns selected for the conparisons were 2, 6 and 24 hours in
duration. The 2-hour event is considered a thunderstorm the other two are
general storns. A small drainage in the Powder River Basin provided the
geonor phic data for the sinmulations. Storm vol unmes (U.S. Weat her Bureau,
1961) for the duration's listed above (with a 10 year return period) at this

| ocation are:
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2-hour - 1.60"
6- hour - 2.00"
24- hour - 2.75"

whi | e the geonorphic paraneters for the basin are:

Dr ai nage Area - 0.83 m?z
Wat er Course Length - 1.38 m.
El evation Difference - 125 feet
Model Paraneters
Table V lists the |loss parameters used with each nodel. The val ues

of these paraneters were not changed at any tine. "NA' nmeans the particul ar
nodel does not use that paraneter. It should be enphasized that val ues of
| oss paraneters for the HYDRO, HYM) USGS, and HEC-1 npdels are not
calibrated wvalues; they are values presented by Haie (1980) as
representative for the Powder River Basin of Womni ng. A requirenent of the
USGS program however, forced optimnization of PSP. An optinzation range
of 4.0 - 6.0 was, therefore, used. The resulting small fluctuations in
the value of PSP were not felt to harm the objectivity of the testing
procedure. Because of the soil npisture accounting capability of the USGS
nodel, antecedent rainfall and evaporation data was needed to "prepare" the
soi | prior to the occurrence of the storm event. Arbitrary, but
consi stent, anobunts of .03 inches of daily precipitation and .01 inches of
daily evaporation were applied for thirty days leading up to the simulated
storm

Because all the results presented herein were obtained using non-
calibrated infiltration parameters, they are useful for conparison purposes

only.
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TABLE V

LOSS PARAMETERS USED W TH RAI NFALL RUNCFF MODELS

FOR STORM COVPARI SON

Mon. Infil-

Curve tration Rate
Mbdel Nunber (in/hr) STRKR® DRTKR: RTIOL! ERAIN Igj E§
HYDRO 72 .15 NA NA NA NA NA NA
HYMO 72 .15 NA NA NA NA NA NA
HEC- 1 NA NA . 80 .20 2.75 .70 1.0 5.0

PSP* KSAT* RA * BIVBN* EVC* RR* DRN (24- KSAT) *
USGS 5.0 0.10 10.0 5.0 0.7 0.9 0.5

*For definition of paraneters refer to dawdy, et al. (1978).
The reader is referred to the HEC-1 users manual (U.S. Arny Corps of
Engi neers, 1973) for definitions of these infiltration paraneters.

Desi gn Hyet ogr aphs

Tables VI, VII, and VIIIl present the design hyetographs used for each
duration given as cumrulative rainfall anmounts. The "WYO' distribution
sequences come from the curves presented in Figures 2 and 3. Those
WYO storns designated A, B, C.  etc., correspond to non-standard curves
arbitrarily picked by the authors. These hyet ographs can be
graphically constructed by plotting the tabular values on a percent

rainfall versus percent tine basis, if the reader w shes to conpare them



TABLE VI
COVPARATI VE HYETOGRAPHS FCR 10 YEAR, 2- HOUR THUNDERSTCORM

Cunul ative Rainfall (inches)

Ti me, *SCS WYQ 10% 90%
M nut es Type 11 BUREC  Mean Limt Limt A B C D E F G H
0 [ [ - .- [ [ [ [ - - - - -
15 . 06 .14 .35 .75 . 06 .30 . 67 .75 .35 .35 .30 .35 .35
30 .15 . 36 .66  1.10 .24 .38 .77 1.02 .66 .66 .38 .58 .66
45 .45 . 65 .91  1.30 .50 .50 .83 1.09 .91 .91 .50 .64 .80
60 1.17 1.26 1.14 1.44 .75 . 83 .85 1.12 .98 1.14 .75 .75 .82
75 1.30 1.39 1.30 1.50 1.01 1.10 1.01 1.15 1.01 1.127 1.01 1.01 1.01
90 1.37 1.49 1.42 1.55 1.25 1.34 1.25 1.25 1.25 1.25 1.25 1.25 1.25
105 1.43 1.55 1.52 1.58 1.44 1.57 1.44 1.44 1.44 1.44 1.44 1.44 1.44
120 1. 47 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60 1.60

*Based on 10 year, 24-hour volunme (2.75")



TABLE VI |
COVPARATI VE HYETOGRAPHS FOR 10 YEAR, 6- HOUR GENERAL STORM

Cunul ative Rainfall (inches)

Ti e, *SCS WrQ 10% 90%
M nut es Type |1 BUREC Mean Limt Limt C G
0 - - - - - - -
30 .04 .18 .34 .04 .04 .34
60 .10 .14 . 36 . 68 .10 .10 . 68
90 .17 . 56 1.00 .22 . 36 .84
120 .24 .32 .74 1.24 .34 . 68 . 88
150 .41 .92 1.44 50 1.00 .94
180 1.41 .54 1.12 1.60 68 1.34 .98
210 1.62 1.30 1.72 . 90 1.68 1.04
240 1.72 1.50 1.46 1.82 1.12 1.82 1.12
170 1.80 1.64 1.88 1.34 1.88 1.34
300 1.86 1.82 1.76 1.94 1.56 1.94 1.56
330 1.92 1.90 1.98 1.78 1.98 1.78
360 1.96 2.00 2.00 2.00 2.00 2.00 2.00

*Based on 10 year, 24-hour volunme (2.75")



TABLE VI I

COVPARATI VE HYETOGRAPHS FOR 10 YEAR, 24- HOUR GENERAL STORM
Cunul ative Rainfall (inches)

Ti e, SCs WrQ 10% 90%

hours Type Il BUREC Mean Limt Limt A B C D E F G H
0 - - - - - - .- - - - - - - - [ - - .- - - - -
1 .03 .05 .11 .22 .03 .03 .03 .03 .03 .22 .22 .22 .22
2 . 06 .14 .25 .47 . 06 . 06 . 06 . 06 . 06 .47 .47 .47 .47
3 .09 .22 .36 .72 .08 .08 .08 .08 .08 .72 .72 .72 .61
4 .13 .33 .50 .94 .14 .14 .14 .14 .14 .94 .94 .94 . 63
5 .17 .44 .66 1.16 .22 .22 .22 . 25 .22 1.16 1.16 1.10 . 66
6 .22 .65 .77 1.38 .30 .30 .30 .50 .30 1.38 1.38 1.16 .72
7 .28 .66 .91 1.54 .39 .39 .39 .72 .39 1.54 1.54 1.18 .74
8 .34 .80 1.02 1.71 .47 .47 .58 .94 .47 1.71  1.60 1.21 .77
9 .41 .96 1.16 1.84 .58 .58 .80 1.18 .58 1.84 1.65 1.27 . 83
10 .51 1.71 1.27 1.98 . 69 .74 1.02 1.38 .69 1.93 1.68 1.29 . 85
11 . 65 1.95 1.40 2.09 . 80 .96 1.27 1.62 .80 1.98 1.71 1.32 . 88
12 1.82 2.09 1.54 2.20 .94 1.18 1.49 1.84 .94 2.01 1.73 1.35 .94
13 2.13 2,15 1.65 2.28 1.07 1.40 1.71 2.06 1.18 2.04 1.76 1.38 1.07
14 2.26 2.20 1.79 2.37 1.24 1.62 1.93 2.31 1.40 2.06 1.79 1.43 1.24
15 2.34 2.25 1.90 2.45 1.38 1.84 2.15 2.45 1.62 2.09 1.84 1.49 1.38
16 2.42 2.31 2.01 2.50 1.54 2.09 2.37 2,50 1.84 2.12 1.87 1.54 1.54



TABLE VI continued
COVPARATI VE HYETOGRAPHS FOR 10 YEAR, 24- HOUR GENERAL STORM

Cumul ative Rainfall (inches)

Time, SCS \\e; 10% 90%

hours Type Il BUREC Mean Limt Limt A B C D E F G H
17 2.48 2.37 2.12 2.53 1.68 2.28 2.53 2.53 2.06 2.15 1.90 1.68 1.68
18 2.54 2.42 2.26 2.59 1.84 2.50 2.59 2.59 2.26 2.17 1.90 1.84 1.84
19 2.58 2.47 2.34 2.64 2.01 2.64 2.64 2.64 2.48 2.20 2.01 2.01 2.01
20 2.62 2.53 2.42 2.67 2.15 2.67 2.67 2.67 2.64 2.20 2.15 2.15 2.15
21 2.66 2.59 2.53 2.70 2,28 270 2.70 2.70 2.70 2.28 2.28 2.28 2.28
22 2.70 2.64 2.61 2.72 2.45 2.72 2.72 2.72 2.72 2.45 2.45 2.45 2.45
23 2.72 2.69 2.67 2.72 2.59 2.72 2.72 2.72 2.72 2.59 2.59 2.59 2.59
24 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75 2.75
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visually with the standard 10% 90% and nean WYO curves. The reader can
see that, due to the discrepancy previously described, the SCS storm
vol umes do not quite equal the volunes given by the BUREC and WYO stornms in
Tables VI and VII.

The 6-hour event was the last of the three to be eval uated. Results
fromthe earlier runs for the 2- and 24-hour events were used to indicate
which of the lettered (A, B, C etc.) WO curves would probably give the
| argest peak runoff flowate. As a result, the 6-hour event was run with
only the "C' and "G' arbitrary curves used in addition to the nean, ten
percent linmt, and 90 percent limt curves.

Tables I X, X, and Xl present the results of the nodel runs for the 2-
hour, 6-hour and 24-hour events, respectively. Cenerally, results from
HEC- 1, HYMO, and HYDRO sinul ations show that for |onger events the WO
curves produce | ess runoff (Peak and Vol une) than the other nethods, while
for shorter events the WO curves produce greater runoff. Results from
USGS nodel runs differed fromthe other nodel s* results by predicting, for
all three stormdurations, smaller runoff peaks and vol unmes due to the WO
design curves when conpared to established procedures. Because of these
results, it is suggested that current methods may | ead to consistent over-
design of hydraulic structures, at |east when long (durations of 6 or nore
hours) events are stated as part of the design criteria. Also, the ability
of any one of the group of WO curves to produce greater runoff than the
others is dependent upon the npdel used. These results are further

detailed in the follow ng section.
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TABLE | X

RUNCFF CHARACTERI STI CS FOR 10 YEAR 2- HOUR THUNDERSTCORM

MODEL:
HYDRO HYMO HEC 1 USGS
Peak Vol . Peak Vol . Peak Vol. Peak Vol.
Design Storm (cfs) (in.) (cfs)(in.) (cfs)(in.) (cfs) (in.)
SCS Type 11 47.8 .098 11.7 .036 38 .39 41.1 .162
BUREC 65.3 . 137 17.3 .053 36 . 38 40.2 .162
WYO- Mean 61.7 .139 12.9 .040 28 .31 16.0 .094
10% Limt 61.8 .123 19.9 .061 42 .45 33.2 .146
90% Lim t 76.1 .135 30.7 .100 29 .32 20.6 .107
-A 79.6 .134 41.7 .133 31 .34 24,7 .118
-B 75.3 .133 30.9 .100 32 .39 23.1 .124
-C 62.2 .124 17.2 .064 34 .42 22.2 .138
-D 72.6 .132 30.7 .100 29 .35 19.3 .105
-E 62.5 .130 21.00.80 28 .34 18.0 .102
-F 76.1 .135 30.7 .100 27 .31 19.9 .105
-G 76.1 .135 30.7 .100 27 .32 19.2 .103
-H 76.7 .134 30.7 .100 28 33 18.9 .103
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TABLE X
RUNCFF CHARACTERI STI CS FOR 10 YEAR 6- HOUR GENERAL STORM

MODEL:
HYDRO HYMO HEC 1 USGS
Peak Vol . Peak Vol . Peak Vol. Peak Vol.
Design Storm (cfs) (in.) (cfs)(in.) (cfs)(in.) (cfs) (in.)
SCS Type || 85.3 .175 42.7 .143 36 . 38 47.1 .184
BUREC 81.6 .251 37.6 .205 20 . 23 19.4 .116
WYO- Mean 52.8 .275 18.9 . 094 2 .03 7 .065
10% Limt 50.5 .208 26.9 .103 11 .14 8.5 .075
90% Limt 83.6 .287 54.8 . 261 10 .12 12.4 .085
-C 89.1 221 49.4 .164 18 22 16.7 .101
-G 83.6 226 55.8 . 261 10 16 10.5 .082
TABLE Xl
RUNCOFF CHARACTERI STI CS FOR 10 YEAR 24- HOUR THUNDERSTORM
MODEL :
HYDRO HYMO HEC 1 USGS
Peak Vol. Peak Vol . Peak Vol . Peak Vol
Design Storm (cfs) (in.) (cfs)(in.) (cfs)(in.) (cfs) (in.)
SCS Type || 138.6 . 346 57.9 .285 30 .34 43.1 .189
BUREC 95.5 268 45, 221 14 .16 14.4 103
WYO- Mean 0 0 0 0 0 0 1.49 .043
10% Limt 24.3 107 14.7 . 091 0 0 2.22 .051
90% Limt 8.0 .085 6.5 .074 0 0 2.88 .056
-A 50.9 428 35.5 .352 0 0 5.16 .072
-B 37.6 400 29.0 . 327 0 0 4.91 .070
-C 50.9 384 36.6 .319 0 0 5.18 . 069
-D 37.6 412 27.7 .343 0 0 4.94 . 071
-E 24.3 134 1.7 .005 0 0 2.22 . 057
-F 24.3 120 14.7 .099 0 0 2.31 . 057
-G 1 075 6.1 .063 0 0 2.82 .056
-H 1 085 6.5 .074 0 0 2.88 .056
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DI SCUSSI ON OF RESULTS

The nost significant difference between t he WYO design storm
nmet hodol ogy and those devel oped by the Soil Conservation Service and Bureau
of Reclamation is the use of totally dinensionless curves. By non-
di rensionalizing the time axis, the average intensities of designed storms
is decreased as the storm durations are increased. For exanple, if two
general storms of the sane volume but differing durations, say 6 hours and
12 hours, were distributed over time according to the nean curve of Figure
3, the 12-hour storm would have half the intensity of the 6-hour event at
any point along the curve. This explains why the WO curves tend to
produce smaller runoff peaks than the other methods for |ong events, and
| arger peaks for short events. Such a change in intensity with duration
may seem inappropriate at first, but analysis of one hundred runoff-
producing storms recorded by Ranki and Barker (1977) shows that, while
there is not a good linear relationship (R = 53%, the peak intensity of a
storm appears to decrease with increasing stormlength. Figure 4 suggests
this graphically. It, therefore, seens reasonable for the WU storm design
techni que to make long storns generally less intense than short storns.

Lower rainfall intensity, as obtained from the WO curves, is the
reason zero runoff is predicted in some instances for the 24-hour event.
For example, referring to Table XI, no runoff is produced using the WO
nmean curve with the HYDRO and HYMO nodels. One will notice that, for
general stornms, the WO nean curve is alnmpst a 45° line indicating an
al nrost constant intensity storm For the 24-hour event, this constant
intensity (.11 in/hour) is less than the minimum infiltration loss of .15

i n/hour. Thus, no runoff occurs. Sinilarly, the HEC-1 nodel produces zero
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Figure 4. Variation in peak intensity with storm duration.

runoff in several instances. Because shorter storms do produce runoff
according to HEC-1, the reason for zero predicted runoff in the |onger
storns obviously also involves low rainfall intensity and associated
infiltration | osses.

It is interesting to note that choosing a WO curve for producing peak

runof f flowate or volume depends on the conputer nodel to be used. For
instance, referring to Table IX, the WO 90 percent linmt curve produces
nore runoff (peak and volune) than the ten percent linmt curve when HYDRO

and HYMO are used. Wen HEC-1 is used, the ten percent limt curve yields
the greatest runoff peak and volune. The user of these curves is,

therefore, warned not to assume that a peak-produci ng hyetograph for one
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nodel will perform simlarly with a different sinulation schene. Al ways
test several curves for their peak-producing ability when changi ng nodel s,

or when changing stormdurations with the sane nodel .

SUMVARY AND CONCLUSI ONS
Summary

Parametric flood prediction on ungaged basins in Woning requires the
use of temporal storm patterns that realistically represent anticipated
| ocal rai nfall events. Because nethods of hyetograph construction
currently in use are very general in application, this requirenent is not
net . Therefore, a design storm nethodol ogy based on analysis of tine
distribution characteristics of 603 observed storms in Wonmng is
presented. The "WYO' met hod of storm design uses not one, but several mass
rai nfall curves, allowing flexibility of use and naxim zation of runoff
froma given stormvol une.

Conpari sons were nade between the WO nmethod and design storms
recommended by the U S Soil Conservation Service and U S. Bureau of
Recl amation using HEC-1, HYMDO HYDRO (Triangular Hydrograph), and USGS
Di stributed Routing rainfall-runoff nodels.

Concl usi ons
1. The tine distribution of both thunderstornms and general storms
i s not dependent upon the drainage basin in which the storns
occur.
2. The nost outstanding characteristic of the storms anal yzed is

their individual diversity. No relationship exists between tine
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di stribution characteristics and duration of general storns

or thunderstorms. However, a difference in the time distribution
of thunderstormrainfall, conpared to general stormrainfall
exi sts.

One set of thunderstorm design curves and one set of genera
storm desi gn curves can be used to create design hyetographs
for the entire State of Woning

The "WyQ' design storm et hodol ogy should not be used to
design for "probable maxi nunt' type events because the npst

i ntense rainfall values have been negl ected by the defini-

tion of ten percent and 90 percent |imt curves.

Si mul ati on of runoff peak and vol une usi ng WYO desi gn curves

is sensitive to stormduration and choi ce of nodel.

WYO curves typically predict greater runoff peaks than Soi
Conservation Service or Bureau of Reclamation synthetic hyeto-
graphs for short duration events, and |ess runoff for [ong
duration events, according to HEC-1, HYMO, and HYDRO nodel
results.

WYO curves consistently produce | ess runoff than Soil Conserva-
tion Service or Bureau of Reclamation synthetic hyetographs

when the USGS Distributed Routing nodel is used.
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