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ABSTRACT 

A compilation and analysis of the Iowa City Ralston Creek hourly pre

cipitation record is made prior to the development of a stochastic data 

generation precipitation model intended for use in urban flooding hazard 

studies. The model is to be used to est.imate the return periods of ex-

treme storm events by means of extensive data generation. An unbroken . 

historical record of 33 years of point hourly precipitation accumulations is 

constructed from a high density recording gage network within the water

shed. A stochastic precipitation model, using statistical values computed 

from the historical data, is proposed for the time occurrence and intensity 

of storm events. The model is constructed for each of six divisions of 

the year to represent the seasonal non-stationarity observed in the histori-

cal data. 

Related wet time intervals, corresponding to an independent storm 

event, are scheduled by an interarri val time model using a fitted exponen

tial distribution. Intrastorm structure is described in terms of "storm 

segments'', corresponding to the passage of a storm rainfall cell or group 

of cells. The location in time and the duration of storm segments can be 

entirely specified by independent random variables whose distributions are 

estimated from the data, thus avoiding traditional computation difficulties 

in modeling the persistence effects encountered in hourly data. The inten

sity and distribution of precipitation within storm segments are modeled by 
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fitted lognorroal intensity probability distributions and by cataloging sample 

storm segment shapes. 

The resulting data generation model is highly efficient, allowing 33 

years of hourly data to be generated in less than 30 seconds on the IBM 

360 computer at The University of Iowa. Tests of historical versus gener

ated data indicate a very precise modeling of storm events is possible with 

respect to their rate of occurrence and their duration and intensity. Phys

ical considerations support the possibility of model application to other geo-

graphical areas. 
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Primary Objective 

AN HOURLY PRECIPITATION MODEL 
FOR RALSTON CREEK 

I. INTRODUCTION 

Objectives 

The primary objective of this s tudy is to develop a suitable point 

precipitation model for use in a flood hazard study involving the Ralston 

Creek watershed in and near Iowa City, Iowa. One purpose of the flood 

hazard study is to determine the average annual flood damages that can be 

expected in the area. In order to determine these damages, the long-term 

average return periods of flood events must be estimated as accurately as 

possible. This is accomplished by modeling both the watershed and the 

precipitation process. The watershed model is required to convert the 

precipitation inputs into stream.flows. A stochastic precipitation model is 

required to generate a sufficiently long time series of precipitation values 

to include those storm events corresponding to the extreme return periods 

of interest. In order to accomplish this as accurately as possible, a max

imum use of the statistical properties of the historical data is required. 

The small size of the watershed (only a few square miles) results in 

the watershed's rapid response to precipitation inputs, thus necessitating 

the use of hourly time increments in the precipitation model. This rela

tively small time increment requires that the model be highly efficient in 

data generation, since hundreds of years may be required to provide good 

estimates of return periods associated with extreme storm events. 

' 
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Traditional techniques do not provide the levels of efficiency required, even 

with the assistance of high speed computers. Therefore, a new highly 

efficient hourly precipitation modeling technique must be introduced. 

Secondary Objective 

A secondary objective is to provide some measure of flexibility in the 

precipitation model to be developed, in order to permit its adaptability to 

as many other uses as possible. It is expected that the new modeling 

techniques developed herein will result in several benefits which will be 

attractive to potential users. 

Methodology 

A review of the literature reveals that existing precipitation models 

designed for Broall time increments are not adaptable to situations requir

ing lengthy data generation due to problems in efficiency. These ineffi

ciencies are a natural by-product of the modeling techniques~ In order to 

produce practical models, investigators have been forced to compromise 

the ability of their models to represent the persistent wet intervals corre

sponding to what is commonly defined as a storm event. The modeling 

approach proposed herein eliminates these problems, permitting the full 

use of the statistical properties of the historical data to specify the time 

occurrence and intensity of wet hours. 

A study of the Ralston Creek historical hourly precipitation record 

and the physical precipitation process in the midwest supports the conten-

tion that storm events, as viewed in the hourly data record, can be de

composed into segments of consecutive wet hours that are essentially 

• 
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independent of one another. The location in time and the intensity of these 

segments can be largely specified by independent random variables. This 

forms the basis of a new modeling technique from which a data generation 

model is developed using Monte Carlo methods (i.e., random number 

generators) to generate values from the distributions of the descriptive 

random variables. EacJ1 random variable is defined and tested for inde

pendence before its inclusion in the digital computer data generation model. 

The computer model is designed to generate values of the random variables 

in the proper sequence to construct storm events. In order to test the 

model, a 33-year time series of hourly precipitation values is generated. 

The generated storm events are tested against storm events from the his

torical record using depth-duration comparisons. Conclusions are then 

made with respect to the research objectives. 

Plan of Report 

The background and definitions section first discusses precipitation 

models proposed by other investigators, with an emphasis on small-time

increment models. The necessity for using small time increments for 

studies involving small watersheds is explained and the historical precipi

tation record for Ralston Creek is introduced. The methods by which the 

time occurrence of storm events and the internal structure of storm events 

are modeled are defined and discussed. The relationship of the hourly 

precipitation data structure to the physical meteorological process is pre

sented in terms of the intensity and motion of storm rainfall cells with 

respect to a fixed surface viewpoint. Finally, the implications of long 

term and seasonal non-stationarity are reviewed with respect to the 

• 



4 

proposed model. 

The model development section then introduces the interarrival time 

variable used to schedule storm events, and continues by defining the 

"method of storm segments", including the random variables and cataloging 

procedure required to model the internal structure of storm events. The 

detailed construction of the model follows and the section is concluded by 

the adaptation of the model to the digital computer for the purpose of data 

generation. 

The next section presents the analysis of the results of model testing 

and is followed by the final section which presents the conclusions. The 

conclusions are presented in terms of the or'iginal study objectives and 

end with an evaluation of the model deficiencies. 



II. BACKGROUND AND DEFINITIONS 

Recent History in Point Precipitation Modeling 

Precipitation modeling has been the subject of a rapid increase in 

interest in recent years. In the early 1960' s a number of investigators 

proposed models for the simulation of storm prec~pitation sequences at a 

single point. These models were based on the assumption that, although 

the physics of the precipitation process is exceedingly complex, the spe

cific operating laws and governing parameters can be inferred from the 

statistical properties of a time series of observed precipitation accumula

tions, using a suitable fixed time increment. Initially, simple urn models 

(a simple distribution theory approach) and Markov processes were used. 

Examples of these techniques are presented by Wiser (1965), and are fur

ther outlined by Grace and Eagleson (1966). 

It was soon evident that simple urn and Markov models were inade

quate in modeling the persistence in wet and dry periods observed in most 

precipitation data. To overcome this deficiency, various Markov Chain or 

autoregressive schemes were introduced, such as those by Pattison (1965), 

Wiser (1965), Cole and Sherriff (1972), and Raudkivi and Lawgun (1974). 

A parallel, and sometimes integral development, has been the use of Monte 

Carlo methods in the generation of certain random variables describing 

some aspects of the precipitation process. As an example, particular suc

cess has been achieved in fitting the Weibull distribution to the historical 

distribution of the times between storm events and using it to generate 
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interarrival times. Investigators reporting success in the application of 

this technique include Grace and Eagleson (1966), Rao and Chenchayya 

(1974), and Amorocho and Wu (1975). 

Choice of Time Increment Size 

Historically, the first precipitation modeling efforts were based upon 

relatively large time increments such as daily increments. Recently, 

there has been great interest in the response of small watersheds, par

ticularly the flooding response of urban watersheds. The small size of 

the watersheds, often no more than a few square miles, precludes the use 

of precipitation models based on daily time increments and mandates the 

use of hourly or smaller time increments. Examples of hourly increment 

models are presented by Wiser (1965), Pattison (1965), Todorovic (1969), 

and Rao and Chenchayya (1975). Examples of smaller increments (10 or 

15 minute intervals in particular) are presented by Grace and Eagleson 

(1966), Sorman and Wallace (1972), Raudkivi and Lawgun (1974), and Rao 

and Chenchayya (1975). 
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Due to the ~mall size (?f the Ralston Creek watershed (and availability 

of historical data), hourly time increments were chosen for use in the sub

sequent model development. 

The Historical Data Set 

In general, a stochastic precipitation model is based upon the statis-

tical properties of the historical data. Therefore, the quality and size of 

the historical data set becomes extremely important in developing a useful 

model. The Ralston Creek North Branch watershed has been well 



instrumented since 1924. The resulting hydrologic record ls extensive, 

and has been summarized by Mavis and Soucek (1936) and Howe and War

nock (1960). 

Using data from recording precipitation gages, a 33 year record of 

unbroken hourly accumulations was constructed by combining five incom

plete gage records from 1941 to 1973 inclusive. As far as can be deter

mined, this unbroken hourly time series is, by an order of magnitude, the 

longest of its type ever assembled. The quality of the data is also be

lieved to be exceptional. The acquisition and processing of this data is 

detailed in Appendix A. Due to the high density of the gaging network 

and the small watershed size, the combination of five gage records into 

one final record did not result in significant smoothing of the data. 

Scheduling the Time Occurrence of "storm Events" 

Consideration of the meteorological conditions commonly found in the 

midwest indicates that the time occurrence of one entire collection of re

lated wet hour and dry hour sequences (defined herein as a single "storm 

event") ls expected to be independent of other such events at any time dur

ing the year. Inspection of the Ralston Creek historical record indicates 

that these storm events are separated from each other by long dry periods 

such that the events can be considered independent. Furthermore, the 

probability of another storm event occurring within a few hours of a pre

ceeding event (representing the arrival of a second front or local storm) 

is expected to be small. Thus, the possibility of two simultaneous storm 

events can be ignored. Also, the probability of a storm event occurrence 

in a given time interval can be expected to be proportional to the length 

7 



of the time interval, for time intervals of the order of a few days. A 

study of the .Ralston Creek historical record seems to validate these ob

servations. Therefore, storm event occurrences can be described as a 

Poisson process [Hogg and Craig (1970)] , although the mean Poisson oc

currence rate may well be a function of the time of year. Similar analy

ses are available in the literature [Todorovic and Yevjevich (1971), 

Todorovic and Zelenbasic (1970), and Todorovic and Rousselle (1971)] • 

Although not used directly herein, the CQncept of a Poisson process pro

vides the key to a computationally efficient method of modeling the time 

occurrence of storm events, since the interarrival times of storm events 

are exponentially distributed. 

Modeling Persistence Effects by Method of "Storm Segments" 

Two modeling problems, which are usually encountered, become even 

more pronounced with small time increments. The first is procurement 

of sufficient historical data for the time increment size desired. The sec-
. 

ond is the modeling of the persistence effects of wet and dry periods. 

Fortunately, an adequate historical record of hourly precipitation accumu

lations is available for this analysis. Most often, the persistence effects 

are modeled by Markov chains or autoregressive schemes, as in some of 

the above references. Except in those few cases that are modeled ade

quately by first-order schemes, the computation associated with parameter 

estimation or transitional probabilities can rapidly approach unwielcily pro

portions. This is a handicap from a data generation viewpoint. This 

problem ls avoided herein through the use of an alternate modeling proce

dure involving the division of the precipitation record into independent 
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storm events, which are in turn subdivided into "storm segments". The 

position in time and the intensity of these storm segments can, in large 

part, be modeled through use of independent random variables. This ap

proach facilitates the construction of a highly efficient data generation 

model to be described herein. 

Relationship of Hourly Data Structure to the Physical Process 

9 

It has been long recognized that significant precipitation events consist 

of .one or more convective cells [Eagleson (1970), Stall and Huff (1971), 

Sorman and Wallace (1972), and Amorocho and Wu (1975)]. Of particular 

interest is the thunderstorm cell. These cells range from 3 to 6 miles 

across and characteristically have lifetimes of 30 to 60 minutes, moving 

at speeds of 20 to 30 mph. Critical design rainfalls in the midwest occur 

most frequently in conjunction with lines or groups of thunderstorms. 

Studies in neighboring Illinois by Stall and Huff (1971), using radar and 

dense networks of precipitation gages, have shown that these thunder storms 

are usually multicellular. The propagation of the larger, more violent 

cells seem to occur in conjunction with strong winds aloft. These winds 

change direction with increasing altitude such that the cells move at an 

angle to the mean wind. Each cell goes through a short life cycle of 

growth and decay while translating at a characteristic angle to the mean 

wind, as represented schematically in Figure 1. 

Large groups of these cells sometimes form a line of thunderstorms, 

called a "squall line", with the growth and decay of cells occurring con

tinously within the storm structure. Squall lines are often associated with 

fronts and/ or intense low-pressure centers. Less intense rainfall 

• 
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associated with passing fronts or weak thunderstorms also exhibits a cel

lular structure, but with a tendency toward a random motion of cells 

superimposed on the overall air mass movement. 
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A single precipitation gage records a seemingly random rainfall trace 

due to the unpredictable nature of the growth, decay, and position of indi

vidual cells. Even in the apparently ordered structure of a squall line, 

the growth and decay of cells is not related to any single point on the sur

face but is a function of a larg-e number of variables, prjrnarily related to 

the given meteorological conditions. Since the typical storm cell will pass 

a given point in a fraction of an hour, an hourly precipitation record will 

contain only a gross reproduction of the actual precipitation distribution. 

It is quite possible that several cells will pass a given point, each in a 

different phase of the growth-decay cycle, in a period totaling less than an 

hour. Therefore, an hourly precipitation model can only hope to reproduce 

the gross characteristics of the precipitation process. The peaks or 

surges of rainfall in an hourly precipitation record, such as graphically 

presented in Figure 2, may be related to the passage of one or more 

rainfall cells. 

Using the above meteorological considerations, one can logically ex

pect to find little or no evidence of dependence between the peaks or surges 

of rainfall in a point hourly accumulation record of a typical independent 

storm event. This lack of dependence in the detailed structure of the 

hourly record is used in the model development. 

• 
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Long Term and Season.al Non-Stationarity of Data Parameters 

The long term historical data rec·ord for Ralston Creek and the adja

cent Iowa City area indicates a pronounced lack of stationarity in the annu

al precipitation accumulations. The results of one study by Howe and 

Warnock (1960), using 101 years (1857-1957) of annual precipitation values, 

are illustrated in Figure 3. Another study of the midwest area by Klug

man (1976) indicates several drought cycles during the period 1931-1969. 

The historical record (1941-1973) used in the model development, there

fore, cannot be considered to represent a segment of record taken from 

a stationary historical time series of annual values since it appears to con

tain several complete "cycles" of droughts and wet seasons. However, 

long term stationarity must be assumed in building a data generation model 

due to insufficient historical data to establish trends, and a lack of under

standing of long term climatic trends. Since the non-stationarity is 

cyclical and no continually increasing or decreasing trends are present, 

then it is expected that the assumption of stationarity will result in suit

able long-term estimates of precipitation related phenomenon. 

Within-the-year, or seasonal non-stationarity, is of prime importance 

since individual storm events can be a strong function of the seasons. 

The Ralston Creek 33 year hourly precipitation record appears to be more 

than adequate for building the season.al models by a simple division of the 

record into season.al components, such that the record within each division 

is approximately stationary. 
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III. MODEL DEVELOPMENT 

Modeling "Storm Events " 

Time Occurrence of "Storm Events" 

A storm event normally consists of a collection of wet hour se

quences of varying lengths, interspersed with short sequences of dry hours. 

Obviously, these short sequences are only segments of the storm event. 

Therefore, the Poisson process of storm events cannot be used to schedule 

all "storm segments" that make up a storm event. However, the Poisson 

process can be utilized indirectly to schedule the first storm segment, 

corresponding to the beginning of a storm event. The interarrlval time 

between events in a Poisson process is a continuous random variable, while 

only integer values (in hours) can be computed from the historical data. 

Also, events in a Poisson process have zero length, while real storm 

events are greater than zero length. These differences are considered 

negligible since the interarrival time between storm events averages approx

imately 10 times the length of storm events, and 100 times the time incre

ment used (one hour). In hourly precipitation data, the interarrival time is 

measured (in hours) from the end of one storm event to the beginning of 

the next. This interarrival time is defined herein as "interarrival time of 

storm events" (IATSE). By · the Poisson postulates, they are independent 

random variables. 

• 



16 

Modeling Storm Events by Method of "Storm Segments" 

The "storm segment" is defined as any consecutive series of wet 

hours containing a single peak value. Division of a consecutive series of 

non-zero wet hours into storm segments is made so as to place the mini

mum wet hour, between two peaks, at the end of the storm segment. Fig

ure 4 illustrates a typical decomposition of a storm event of the precipi

tation record. 

Independent storm events are scheduled by means of the IATSE ran

dom variable already defined. Wtth the introduction of the storm segment, 

additional random variables and a cataloging procedure can be defined to 

fully specify the time occurrence and intensity of wet hours within storm 

events. These are briefly introduced and defined below. The detailed 

modeling presentation follows in the next section. 

IATSS. -- The interarrival time (dry hours) between two storm seg

ments within a storm event will be referred to herein as "interarrival 

time of storm segment" (IATSS). IATSS is an integer valued random var

iable, approximating the continuous interarrival times of the physical proc

ess. The IATSS random variables appear to be independent, both serially 

and with regard to other random variables. 

NSSSE. -- The "number of storm segments in a storm event" (NSSSE) 

can be counted for each storm event in the historical record. Physically, 

NSSSE is a discrete random variable whose values are positive integers. 

Since the independence of storm events is confidently assumed, it is logi

cally consistent to expect that the internal characteristics of a given storm 

event will be independent of like characteristics in previous storm 
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events. It is likewise reasonable to expect that the persistence of wet 

hour sequences, demonstrated by multiple storm segments (or NSSSE), is 

internal to each individual storm event and cannot be "carried-over" from 

preceding storm events. Therefore, the random variables representing 

the number of storm segments within a storm event, NSSSE, are expected 

to be serially independent. 

DURSS. -- The final rando.m variable required to completely define 

the time occurrence of wet· hours is the "duration of the storm segment" 

(DURSS). Physically, DURSS is a continuous random variable like IATSE 

and IATSS. Also, like IATSE and IATSS, only positive integer values (in 

hours) can be computed from the data. The DURSS random variables 

appear to be independent in much the same manner as the IA TSS random 

variables. 
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ACCUM. -- In order to fully characterize the intensity and distribution 

of precipitation within each storm segment, two additional random variables 

are defined and a cataloging procedure is introduced to complete the storm 

event model. The "storm segment accumulation" (ACCUM) specifies the 

total accumulation of ·precipitation in a storm segment (in inches). It is a 

continuous random variable from a physical viewpoint, but only approximate 

values can be computed from the data. The ACCUM random variables can

not be expected to be independent due to an obvious dependence on the 

corresponding DURSS random variables. However, it will be shown later 

that ACCUM random variables can be assumed to be serially independent, 

and independent with respect to the remaining variables. 
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PKHR. -- The storm segment accumulation (ACCUM) is distributed 

over the storm segment duration (DURSS) by specifying the "peak hour" 

(PKHR) and accessing a file of empirical "shapes". PKHR is the location 

of the storm segment peak hour (in hours) relative to the beginning of the 

segment. By definition, PKHR is dependent on DURSS. However, the 

PKHR random variables are considered to be independent in other r~spects. 

Shape Catalog. -- For fixed values of DURSS and PKHR, the single 

peak, unimodal shape of a storm segment leaves few degrees of freedom 

for the distribution of the accumulation. A study of historical storm 

segment shapes indicates no evidence of dependence of shape on ACCUM. 

Therefore, a catalog of mean storm segment distributions is assembled 

from the historical data set, and is accessed according to fixed values of 

DURSS and PKHR. 

The above approach to modeling storm events by method of storm 

segments must be repeated for different periods of the year in order to 

model the seasonal non-stationarity evident in the historical data. There

fore, multiple "shape catalogs" are also required, one catalog for each 

period. 

Development of Model Components 

Modeling Tnterarrival Times, IATSE and IATSS 

Using the preceding definitions of storm events and storm segments, 

the historical sequence of all interarrival times (IA T) can be computed 

from the Ralston Creek record, and consists of a mixtU1·e of IA TSE and 

IATSS. A selected segment of the IAT series, compiled from the Ralston 
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Creek data, is presented in Table 1. The series consists of large values 

of IAT interspersed with persistent periods of small values of IAT that are 

associated with individual storm events containing more than one storm 

segment. The large values correspond to IATSE and the small values to 

IATSS. It is not difficult to set up a separation criterion that separates 

IAT into IATSE and IATSS. As defined herein, the "cutoff level" corre

sponds to a maximum value of IATSS, (IATSSkax. Therefore, 

(IA TSSkax = (IA TSE)min - 1 1. 

since IA TSE and IA TSS are integer valued. 

A noticeable seasonal difference in the empirical IAT series was ob

served between the winter and summer months. Although precipitation 

connected with cyclonic events (and the associated frontal activity) domi

nates throughout the year, the summer months contain numerous thunder

storm events of short duration and high intensity. Independent storm 

events can thus occur with shorter, but still independent values of IA TSE 

separating them during the summer months. The appropriate levels, 

(IA TSS\ , for different seasons of the year, were chosen by inspection 
max 

of the data and consideration of the meteorological characteristics of the 

area throughout the year. Although this is a subjective technique, it was 

facilitated by computer constructions similar to Table 1 for each trial 

(IA TS~ax value. After inspection of the computer listings, separate 

(IATSSlznax values were selected for each of six different two-month peri

ods within the year, representing the within-the-year non-stationarity 

which was apparent. The (IA TSSkax values are listed in Table 2. The 



Table 1. Selected Segment of Consecutive IAT's for (IATSS)max Equal to 12 Hours 

~116/0,0,2,0,6,0/18/l,3,1,2,1,9,0/361/0,0,0,0,0/38/2,0,0,0,1,1,0,0/333/0,0/58/2/144,45~ 

Note: Slashes separate adjacent values of IATSE and IATSS 

Table 2. Results of Exponential Function Fits for IATSE 

Period (IATSS)max Sample Sample Chi-Square Confidence 
or Cut-Off Size Mean ;. (hrs) Statistic Limits, 

Level, c (hrs) Chi-Square Statistic 

90% 99% 
Jan-Feb 12 303 144.61 7.25 13.4 20.1 
Mar-Apr 12 428 99.32 6.70 13.4 20.1 
May-Jun 6 607 69.78 14.69 9.2 15.1 
Jul-Aug 6 491 91.74 2.77 10.6 16.8 
Sep-Oct 9 370 114.27 7.65 12.0 18.5 
Nov-Dec 12 316 138.73 10.98 13.4 20.1 
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two-month period was selected based on a trade-off between data analysis 

complexity and non-stationarity representation. 

Using the above separation technique, the IA TSE and IA TSS values 

could be determined from the historical sequence of all IAT, resulting in 
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a division of the data set into independent storm events. A storm event 

starting in a given seasonal period was considered to belong to that period 

even though it might end in the following period. IATSE values were con

sidered to belong to that period containing the first hour of the interarrival 

time. The IA TSE series was tested for independence by computing the 

serial correlations within each two-month period (Jenkins and Watts (1968), 

Eq. 5. 3. 33]. To avoid small-sample bias in computing the lag correla

tions, the sample mean and variance were computed using all IA TSE values 

within each two-month by 33 year array. Also, the product terms within 

the covariance function were computed for each two-month period separate

ly and then summed for each lag value over the 33 year span. The re

sults (listed in Table 3) showed no significant indication of serial depen

dence in the IATSE series. All the confidence limits in Table 3 were 

computed using the normal distribution approximation for the correlation 

function. A maximum of 5 lags were computed since a greater number of 

lags would imply a search for dependence between storms more than one 

month apart. This degree of dependence was considered to be extremely 

unlikely considering the meteorological implications. 

A shifted exponential probability density function was fit to each 

IA TSE relative frequency histogram, the latter obtained by combining all 

33 years of data for each two-month period. It was necessary to shift 



Table 3. IATSE, NSSSE, IATSS, and DURSS Sample Serial Correlation R_esults 

''IATSE" "NSSSE" "IATSS" "DURSS" 
Lag Corr. 95% Conf. Corr. 95% Conf. Corr. 95% Conf. Corr. 95% Conf. 

Function Limit, ± Function Limit, % Function Limit, ± Function Limit, ± 
1 0.0737 0.121 0.0197 0.121 0.0881 0.091 - 0.0439 0 . 075 
2 0.0114 0.129 0.0146 0.129 0.0904 0.113 -0.0001 0.091 
3 0.0152 0.139 o. 0315 0.139 0.0053 0.137 0.0094 0.112 
4 0.0276 0.152 0.0052 0.152 0.1526 0.168 -0.0864 0.137 
5 0.0049 0.168 0.0936 0.168 0.2034 0.207 0.0539 0.168 
1 -0.0443 0.101 0.0255 0.101 0.0708 0.068 0.0449 0.058 
2 -0.0627 0.105 0.0499 0.105 0.0144 0.081 0.0274 0.068 
3 0.0082 0.111 0.1403 0.111 0.0100 0.097 0.0173 0.081 
4 0.0248 0.116 0.0564 0.116 - 0.0204 0.115 -0.0536 0.097 
5 0.0858 0.123 0.0832 0.123 0.0244 0. 136 _ - 0.0654 0.115 
1 0.0146 0.083 0.0910 0.083 0.0615 0.089 0.0459 0.068 
2 -0.0600 0.086 -0.0180 0.086 - 0.0643 0.114 - 0.0299 0.089 
3 - 0.0321 0.089 0.0654 0.089 -0.0003 0.147 0.0255 0.114 
4 0.0679 0.092 0.0411 0.092 0.0850 0.193 0.0084 0.147 
5 -0.0550 0.095 - 0.0035 0.095 0.0598 0.263 0.0480 0.193 
1 - 0.0185 0.093 0.0845 0.093 -0.0498 0.130 -0.0083 0.091 
2 0.0061 0.097 -0.0079 0.097 0.0021 0.183 0.1636 0.130 
3 0.0285 0.101 0.0719 0.101 - 0.1863 0.260 0.0131 0.183 
4 - 0.0119 0.106 0.0929 0.106 0.0265 0.365 0.1862 0.260 
5 0.0180 0.111 0.0599 0.111 0.1148 0.577 - 0.0759 0.365 
1 -0.0335 0.109 - 0.0207 0.109 0.1562 0.084 0.0675 0.072 
2 -0.0001 0.115 0.0440 0.115 0.0306 0.099 -0.0238 0.084 
3 0.0448 0.121 -0.0002 0.121 0.0057 0.115 -0.0163 0.099 
4 -0.0170 0.130 - 0.0199 0.130 0.0247 0.134 0.0348 0.114 
5 -0.0293 0.139 0.0865 0.139 - 0.0623 0.156 - 0.0509 0.134 
1 -0.0420 0.118 0.1098 0.118 0.0272 0.081 0.0090 0.068 
2 0.0156 0.126 0.0806 0.126 0.0557 0.096 0.0188 0.081 
3 -0.0555 0.135 0.1005 0.135 - 0.0133 0.116 0.0440 0.096 
4 0.0541 0.146 0.1789 0.146 0.0617 0.140 -0.0100 0.116 ,. 
.) -0.0354 0.161 0.0156 0.161 0.0317 0.169 - 0.0917 0.140 

Period 

Jan 
I 

Feb 

Mar 
I 

Apr 

May 
I 

Jun 

Jul 
I 

Aug 

Sep 
I 

Oct 

Nov 
I 

Dec 

N> 
c..:> 



each density function by an amount equivalent to the cutoff level, 

(IATSS>:max, since IATSE must be greater than (IATSSkax by Equation 1. 

The shifted exponential density function is given below. 
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f (x) = [1/ (,M- - c)] exp [-(x - c)/ (~ - c)] , where x > c, J-'-> c 2. 

In Equation 2, x is a value of IA TSE, ,.v. is the expected value of IA TSE 

(estimated by the sample mean), and c is the cutoff level, (IATSSkax, 

previously defined. Values of J-< were estimated from the data for each of 

the two-month periods, and are listed in Table 2. Chi-square goodness

of-fit tests [Lindgren and McElrath (1969), page 140] were performed and 

are also presented in Table 2. The chi-square tests indicate good fits in 

all instances. The IA TSE frequency histograms and fitted exponential func

tions are in~luded in Appendix B, as Figures B.1 through B. 6. The re

sults for Jan-Feb and Jul-Aug are presented as examples in Figure 5. 

Of course, using discretized data to estimate parameters of a continuous 

distribution results in some error; however, this error is held to be 

negligible since such large sample sizes are used in the estimation. 

Independence in the IATSS random variables is more difficult to ar

gue. However, a detailed examination of the historical data yields no ap

parent pattern in the IATSS values. It will also be recalled that storm 

segments are "surges of rainfall" resulting from the passage of one or 

more storm cells. From a physical viewpoint, there appears to be no 

consistent pattern of storm cell passage from a fixed observation point on 

the surface; therefore, significant serial correlation in IA TSS seems im

probable. A serial correlation study was performed in a manner similar 
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to that for IATSE, except the covariance product terms were computed for 

each storm separately and then summed for each lag value over the 33 

year span to reduce ~mall sample bias. The results (listed in Table 3) 

do not reveal any significant serial dependence. 
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No fitted distribution function is proposed for the IATSS values; there-

fore, the historical relative frequencies for each period are used in the 

data generation model. These values are listed in Table 4. Representa

tive plots ~e presented in Figure 6. All IA TSS frequency histograms are 

presented in Appendix B as Figures B. 7 through B.12. 

Modeling NSSSE 

Due to . physical considerations already discussed, the NSSSE random 

variables can be expected to be serially independent. To test the indepen

dence of NSSSE, the serial correlation estimates were calculated in an 

identical manner to that used for IA TSE. These results are included in 

Table 3 and show no significant evidence of serial correlation. 

Within a given period of the year, there is no reason to suspect a 

dependence of NSSSE on IA TSE. To test for possible cross-correlation, 

the sample cross-correlation of NSSSE and IA TSE was computed for each 

two-month period using all 33 years of data (Jenkins and Watts (1968), 

Eq. 8.1.10]. The results are listed in Table 5. All confidence limits in 

Table 5 were computed using the normal distribution approximation for the 

correlation function. Since storm events have been shown to be indepen

dent, only lag zero cross-correlations were computed. 

No fitted distribution function is proposed for NSSSE. Therefore, the 

generation of NSSSE values in the model is accomplished using the 



Table 4. Relative IATSS Frequencies by Period, for Values of O Through 12 Hours 

IATSS = 
. 

0 1 2 3 4 5 6 7 8 9 10 11 12 

1 0.569 0.225 0.079 0.047 0,026 0.013 0.011 0.008 0.006 0.004 0.004 0,004 0.003 Jan-Feb 

2 0.530 0.218 0.080 0.052 0.040 0.017 0,019 0.014 0.006 0.004 0.007 0.007 0,005 Mar-Apr 

3 0.468 0.255 0.114 0.053 0.038 o. 037 0.035 0.000 0.000 0.000 0.000 0.000 0.000 May-Jun 

4 0.530 0.254 0.100 0.050 0.025 0.017 0.025 0.000 0.000 0.000 0.000 0.000 0.000 Jul-Aug 

5 0.518 0.229 0.081 0.050 0.030 0.032 0.021 0.018 0.009 0.013 0.000 0.000 0.000 Sep-Oct 

6 0.571 0.217 0.073 0.049 0.030 0.015 0.009 0.013 0.008 0.006 0.005 0.001 0.003 Nov-Dec 

Table 5. Sample Lag O Cross-Correlations of NSSSE and IATSE, and of DURSS and IATSS 

95% Conf. 
, 95% Conf. 

Cross-
Cross-

Period Correlation L. ·t + Correlation L. ·t + 
lffil , -

lffil , -

Function 
Function 

Jan-Feb 0.0460 0.114 -0.0152 0.079 

Mar-Apr o. 0312 0.097 0.0278 0.060 

May-Jun 0,0384 0.081 -0.0286 0.075 

Jul-Aug -0.0285 0,090 0.0730 0.106 

Sep-Oct -0. 0372 0.104 -0.0712 0.075 

Nov-Dec 0.1466 0.112 -0.0324 0.071 

NSSSE - IA TSE 
DURSS - IA TSS 

f 

N I 
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historical relative frequencies. These values are listed in Table 6 r for each 

of the six two-month periods. Representative plots are included in Figure 7. 

All NSSSE frequency histograms are presented in Appendix C as Figures 

C .1 through C. 6. The maximum historical value of NSSSE is 21. Repro

duction of extreme values of NSSSE (greater than 21) is of no interest in 

light of the purpose to which the model is to be applied (modeling short to 

moderate length high intensity storms). 

Modeling DURSS 

Physically, serial dependence in DURSS and the dependence of DURSS 

on IATSS appear to be possible, but not likely to occur. Serial dependence 

in DURSS is unlikely due to the apparent lack of dependence between storm 

segments. The serial correlation study was accomplished using the same 

computational techniques as those used for IA TSS (designed to avoid small 

sample bias). The serial correlation estimates are included in Table 3. 

No significant dependence is revealed. The sample lag zero cross-corre

lation of DURSS and IA TSS was computed for each two-month period using 

all 33 years of data. The results, included in Table 5, show no significant 

dependence between the two. Due to the lack of serial dependence in 

DURSS and IATSS, and the lack of zero lag cross-correlation between the 

two, cross-correlation compu~tions for lag values greater than zero were 

not considered. 

Like IA TSS, no fitted distribution function is proposed for DURSS. 

The historical relative frequencies listed in Table 7 are used in the mod

eling process. The maximum historical value of DURSS is 14 hours; 

therefore, the relative frequencies terminate at a value of DURSS equal 
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Table 6. Relative NSSSE Frequencies by Period, for Values of 1 Through 21 

NSSSE= 
1 2 3 4 5 6 7 8 9 10 11 

Jan-Feb 0.231 0.234 0.199 0.095 0.081 0.049 0.039 0.026 0.007 0.013 0.016 

Mar-Apr 0.203 0.189 0.185 0.131 0.094 0.061 0.035 0.023 0.023 0.021 0.005 

May-Jun 0.417 0.247 0.137 0.073 0.046 0.036 0.023 0.012 0.003 0.003 0.000 

Jul-Aug 0.505 0.253 0.120 0.063 0.022 0.026 0.002 0.004 0.002 0.002 0.000 

Sep-Oct 0.411 0.184 0.116 0.073 0.060 0.043 0.030 0.032 0.011 0.011 0.005 

Nnv-Dec 0.218 0.208 0.155 0.120 0.095 0.O54 0.051 0.035 0.016 0.019 0.006 

.. 
12 13 14 15 16 17 18 19 

0.010 0.000 0.000 0.000 0.000 0.000 I 0.000 0. 

0.014 0.002 0.002 0.004 0.000 0.005 0.000 0 . 

0.000 0.002 0.000 0.002 0.000 0.000 I 0. 000 0 

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0 

0.003 0.003 0.000 0.008 0.003 0.000 : o. 000 0 

0_016 0.006 0.000 0.003 0.000 0.000 I 0.000 0 • 

• 

.. 

20 

• 

I 

I 

21 

• 
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Table 7. Relative DURSS Frequencies by Period, for Values of 1 Through 14 Hours 

DURS.S = 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Jan-Feb 0.158 0.236 0.235 0.176 0.095 0.048 0.027 0.013 0.006 0.004 0.001 0.000 0.000 0.000 

Mar-Apr 0.172 0.247 0.221 0.153 0.102 0.053 0.032 0.015 0.004 0.002 0.001 0.000 0.001 0.000 

May-Jun 0.188 0.269 0.291 0.158 0.092 0.045 0.015 0.012 0.002 0.001 0.000 0.000 0.000 0.000 

Jul-Aug 0.152 0.281 0.265 0.153 0.090 0.031 0.015 0.007 0.002 0.002 0.001 0.000 0.000 0.000 

Sep-Oct 0.175 0.247 0.243 0.175 0.078 0.046 0.019 0.009 0.003 0.002 0.002 0.000 0.000 0.001 

Nov-Dec 0.158 0.261 0.220 0.167 0.090 0.055 0.030 0.012 0.003 0.003 
0.001 0.000 0.000 0.000 

• 

tr,:) .... 



to 14 hours. Extreme values of DURSS are of no interest in the model 

for the same reason stated earlier for NSSSE. All DURSS frequency his

tograms are included in Appendix C as Fig\lreS C. 7 through C.12. Rep

resentative plots are included in Figure 8. 

With the exception of IATSE, the time occurrence random variables, 

IATSS, NSSSE, and DURSS, are to be modeled by use of the historical rel

ative frequencies. Since these relative frequencies are unfilled and un-
• 
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smoothed, some irregularit~es occur in the extreme value portions of the 

distributions. For example, the DURSS relative frequency distributions 

have several gaps in the upper ranges of DURSS. For DURSS values equal 

to 12, the lack of historical occurrences prev·ents the modeling of storm 

segments of this duration. This is a common problem, of varying degree, 

with all of the historical distributions used in the model. However, this 

problem is considered to be minor since it involves only extreme values 

that are not of major interest from the viewpoint of the primary objective. 

For this reason, the gaps and irregularities in the historical distributions 

are tolerated in order to avoid the complications of smoothing and distri

bution fits. 

Modeling ACCUM 

Independence is important in permitting the development of a simple 

and efficient data generation model. However, ACCUM is obviously depen

dent on DURSS. This is not a serious complication assuming that no fur

ther dependence exists. Sample serial correlations of ACCUM were com

puted using the same techniques outlined for earlier for IATSS and DURSS. 

The results are listed in Table 8. The confidence limits were computed 



Table 8. Storm Segment (ACCUM) and Storm Event Accumulation 
Sample Serial Correlation Results 

Storm Segment ( AC CUM) Storm Event 
Period Lag Corr. 95% Conf. Corr. 95% Conf. 

Function L. ·t + 1m1 , - Function Limit, :t 

Jan 1 0.226 0.075 0.069 0.121 
I 2 0.201 0.091 0.020 0.129 

Feb 3 0.181 0.113 -0.043 0.139 
4 -0.030 0.137 0.125 0.152 
5 0.271 0.168 -0.064 0.168 

Mar 1 0.144 0.058 -0.011 0.101 
I 2 0.094 0.068 0.079 0.105 

Apr 3 0.040 0.081 0.040 0.110 
4 -0.049 0.097 0.091 0.116 
5 0.030 0.115 0.019 0.123 

May 1 0.069 0.068 0.021 0.083 
I 2 0.082 0.089 0.024 0.086 

Jun 3 0.117 0.115 0.021 0.089 
4 0.042 0.147 0.017 0.092 
5 -0.014 0.193 0.039 0.095 

Jul 1 0.065 0.091 -0.040 0.093 
I 2 -0.040 0.130 -0.002 0.097 

Aug 3 0.055 0.183 0.002 0.101 
4 0.201 0.260 -0.004 0.106 
5 0.034 0.365 0.075 0.111 

Sep 1 0.155 0.072 -0.005 0.109 
I 2 0.003 0.085 0.003 0.115 

Oct 3 0.017 0.099 -0.029 0.121 
4 0.095 0.115 -0.004 0.130 
5 0.161 0.134 0.074 0.139 

Nov 1 0.267 0.068 0.067 0.118 
I 2 0.148 0.081 0.003 0.126 

Dec 3 0.065 0.096 -0.031 0.135 
4 0.238 0,115 0.072 0.146 
5 -0.094 0.140 -0.028 0.161 

Table 9. ACCUM-DURSS Sample Cross-Correlation Results 

Period Corr. 95% Conf. 
Function Limit 

Jan-Feb 0.494 0.063 
Mar-Apr 0.535 0.049 
May-Jun 0.509 0.052 
Jul-Aug 0.436 0.064 
Sep-Oct 0.501 0.059 
Nov-Dec 0.440 0.058 
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using the normal distribution approximation for the correlation function. 

Low, but significant, correlation levels were computed for the first two 

lags during the winter months. This is not totally unexpected in view of 

the meteorological conditions encountered · during midwest winters. Storm 

cells associated with winter precipitation events tend to be more uniform 

and lower in intensity. Polar air mass encroachment from the north tends 

to depress any strong frontal activity southward, out of the region. Thun

derstorm cells are not present to produce the wide variation in precipita

tion intensity encountered during the summer months. This increase in 

uniformity within storm events during the winter months results in the low, 

but significant, levels of positive correlation which are held to be spurious. 

For modeling purposes, these correlation levels are considered to be neg

ligible since the design level storm events occur during the summer 

months. Also, if serial dependence were included in the model, it is 

doubtful that the small improvement (due to low levels of correlation) 

would be worth the considera~le effort required. 

The sample serial correlations for the total storm event accumula

tions were calculated using the IA TSE and NSSSE serial correlation 

computation techniques. These results are included in Table 8. As ex

pected (in view of previous storm event independence arguments), these 

results do not indicate significant dependence. 

The only important dependence in ACCUM detected was in cross

correlation with DURSS. The computation method used was identical to 

that used for the DURSS-IA TSS cross-correlation study. These correlation 

results are presented in Table 9. The confidence limits were computed 



using the normaJ distribution approximation. The dependence between 

ACCUM and DURSS is preserved in the model by assembling a set of fit

ted conditional distributions. One distribution ls required for each value 
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of DURSS in each period of the year. Three popular functions were chosen 

as possible candidates, the Weibull, the gamma, and the lognormal [Grace 

and Eagleson (1966) and Yevjevich (1972)]. The first two -were rejected 

as grossly inadequate, primarily due to an inability to fit the extremely 

heavy-tailed sample distributions. An additional important factor was the 

potential lack of efficiency in data generation. Since a total of 84 distri

bution fits are required (14 values of DURSS times 6 periods of the year), 

a simple generation capability is mandatory. -The Weibull appeared to be 

acceptable in generation but gave an extremely poor fit. The gamm~ fail

ed in fit and, in addition, was exceedingly complex, requiring a prohibitive 

amount of generation time in the model. The lognormaJ gave acceptable 

fits and permitted extremely fast data generation. The lognormal density 

function is given below. 

where x> 0 3. 

In equation 3, x ls a value of A.CCUM, /A- is the mean of ln(x) (estimated 

by the sample mean), and g 2 is the variance of ln(x) (estimated by the 

sample variance). 

The maximum DURSS value to be modeled is 14 hours (maximum of 

record); however, insufficient sample data exists for parameter estimation 

of ln(ACCUM) beyond DURSS equal to 5. Therefore, the sample means of 

ln(x) and sample variances of ln(x) were plotted and extrapolated to obtain 

• 
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parameter estimates of ln(ACCUM) for DURSS values greater than 5. 

Figures 9 and 10 illustrate these extrapolations for the sample means. 

Extrapolation of the sample variances is illustrated in Figure 11. Unex

pectedly, the sample variances were found to converge toward a single 

value for all six periods of the year before f:roa11 sample bias caused a 

rapid scattering of the data points. This convergence is evident up to 

DURSS equal to 5. Convergence was assumed to continue for increasing 

values of DURSS, based on the historical evidence. Figure 11 indicates 

that the variance decreases for increasing DURSS for all six periods of the 

year. Two envelope curves mark, approximately, the upper and lower 

bounds of the data points for values of DURSS equal to or less than 5. 

The curves were drawn by eye to include all the points, except for one 

outlying point at DURSS equal to 4. It will be noted that points along the 

lower 'bound correspond to the winter months while those along the upper 

bound correspond to the summer months. Higher values of variance are 

associated with the summer months due to the presence of highly variable 

thunderstorm precipitation. The convergence in variance can be attributed 

to the greater uniformity in precipitation intensity for large values of 

DURSS. This implies that strong thunderstorm cells are not associated 

with long duration storm segments; therefore, long summer storm seg

ments more closely resemble their winter counterparts than do short dura

tion storm segments. It is logical to conclude that this resemblance will 

become stronger with increasing values of DUR~. For the above reasons, 

a single variance extrapolation (for DURSS greater than 5) is used for all 

periods of the year. 
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DURSS sample cumulative distributions for all six periods are super

imposed and included as Figure 12. These distributions indicate that ap

proximately 92% of all storm segments are of 1 to 5 hours duration. 

Therefore, only 8% of all storm segments are involved in the extrapola

tion estimate of variance, and these are of low interest due to the large 

values of DURSS. To h1vestigate the probable maximum error involved 

in the extrapolation, the envelope curves in Figure 11 were extended to 

DURSS equal 8. For values of DURSS equal to 6, 7, and 8, the lognor

mal density functions were plotted for each period of the year using the 

extrapolated variance, and the upper and lower envelope values of vari

ance. A typical example of these plots is included as Figure 13. A vi

sual comparison of these~ curves indicates that any error involved in the 

extrapolation is of a lov.' order of magnitude. Therefore, any resulting 

error will be neglected since the associated storm segments are of low 

interest and occur only 8% of the time. Table 10 lists the sample means 

and variances used in · tlte model. 

Lognormal function fits to ACCUM were completed for DURSS values 

of 1 through 5, for each of the six periods of the year. The resulting fits 

to the ACCUM frequency histograms are included in Appendix D as Figures 

D.1 through D. 30. Representative plots are included in Figure 14. A 

chi-square goodness-of-fit test was conducted for each lognormal function 

fit, and the results listed in Table 11. Taken individually, many of the 

fits do not appear to be outstanding. However, the large range of shapes 

the lognormal distribution must assume, in order to achieve all of the fits 

in a satisfactory manner, is impressive. From this viewpoint, the log

normal fit to historical ACCUM values is considered exceptional. To 
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Table 10. 

Period 

Jan-Feb 
Mar-Apr 
May-Jun 
Jul-Aug 
Sep-Oct 
Nov- Dec 

Period 

Jan-Feb 

Sample Means and Variances of Ln(ACCUM), for Lognorroal Fits 

Sam1>le Means of Ln ( ACClJ_M 
DURSS=l 2 3 4 5 6 7 8 9 

-5.587 -4.203 -3.458 -2.958 - 2.143 - 2.280 - 2.080 -1.800 -1.615 
- 5.454 -3.748 - 2.922 -2.434 -2.093 -1.745 -1.490 -1.270 -1.075 
-5.051 -3.340 -2.349 -1.881 -1.413 -1.080 -0.800 -0.560 -0.340 __ 
-4.744 -3.019 -2.207 -1.513 -1.048 -0.730 -0.425 -0.150 0.080 
- 5.115 -3.382 -2.594 -1.836 -1.633 -1.210 -0.930 - 0.690 - 0.475 
-5.463 -3.903 - 3.094 -2.679 - 2.504 -2.050 -1.820 -1.625 - 1.455 

lSamEle Variances of Ln{ACCUM) 
DURSS = 1 2 3 4 5 6 

1.045 1.035 1.119 0.899 0.884 0.835 
1.012 0.835 

10 11 12 13 14 
-1.440 -1.280 -1.145 -1.020 - 0.890 
-0.900 -0.740 - 0.600 - 0.475 -0.350 
- 0.160 0.020 0.175 0.320 0.455 

0.285 0.475 0.650 0.810 0.960 
-0.290 - 0.125 0.030 0.175 0.310 
-1.300 -1.170 -1.040 - 0.930 -0.825 

7 8 9 
0.695 0.577 0.476 
0.695 0.577 0.476 

Mar-Apr 1.056 1. 381 1.193 1.111 

2.118 1.977 1.642 1. 316 0.949 0.835 0.695 0.577 0.476 .. 
0.476 May-Jun 

Jul-Aug 2.368 2.462 1.564 1.271 1.061 0.835 0.695 0.577 

Sep- Oct 1.525 1. 921 1.461 1.006 0.979 0.835 0.695 0.577 0.476 

Nov-Dec 1.190 1. 318 1.094 1.104 0.909 0.835 0.695 0.577 0.476 

10 11 12 13 14 

0.393 0.322 0.263 0.214 0.175 

0.393 0.322 0.263 0.214 0.175 

0.393 0.322 0.263 0.214 0.175 

0.393 0.322 0.263 0.214 0.175 

0.393 0.322 0.263 0.214 0.175 

0.393 0.322 0.263 0.214 0.175 

-
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Figure 14. Example ACCUM Frequency Histograms and Fitted 
Lognormal Functions 
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Table 11. Chi-Square Tests, Lognorroal Distribution Fits 

Period DURSS Chi-Square 99% Conf. 95% Conf. 

ln Hours Statistic Limit Limit 

Jan 1 26.9 34.8 28.9 

I 2 37. 8 34.8 28.9 

Feb 3 15.2 34.8 28.9 

4 13. 3 34.8 28.9 

5 24.5 34.8 28.9 

Mar 1 34.5 34.8 28.9 

I 2 19.3 34.8 28.9 

Apr 3 18.8 34.8 28.9 

4 27.4 34.8 28.9 

5 14.0 34.8 28.9 

May 1 39.4 34.8 28.9 

I 2 25.4 34.8 28.9 

Jun 3 29.6 34.8 28.9 

4 26.4 34.8 28.9 

5 13.1 34.8 28.9 

Jul 1 19.2 34.8 28.9 

I 2 33.1 34.8 28.9 

Aug 3 32.7 34.8 28.9 

4 28.9 34.8 28.9 

5 31.6 34.8 28.9 

Sep 1 15.6 34.8 28.9 

I 2 15.5 34.8 28.9 

Oct 3 30.3 34.8 28.9 

4 14.7 34.8 28.9 

5 16.8 34.8 28.9 

Nov 1 24.1 34.8 28.9 

I 2 18.3 34.8 28.9 

Dec 3 44.0 34.8 28.9 

4 6.2 34.8 28.9 

5 13.2 34.8 28.9 

• 



illustrate the variety of lognorrnaJ shapes, Figures D. 31 through D. 36 dis

play all 84 functions used in the model. 

Modeling PKHR 

It has been demonstrated that the passage of storm cells is a · highly 

random process when viewed from a single location. This has been used 

to support the independence of storm segments. The independence of 

storm segments is al so strongly supported by the serial independence of 
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IA TSS, DURSS, and ACCUM. As a result, there is no difficulty in expect

ing the PKHR random variables to be serially independent also. Physically, 

no argument can be made for the dependence of PKHR on ACCUM for a 

given value of DURSS. Observation of the historical data also results in 

this same conclusion. By definition, PKHR must be less than or equal to 

DURSS; therefore, PKHR is mechanically dependent on DURSS. This de

pendence is maintained in the model by using conditional distributions. 

The historical relative frequencies were chosen for use in the model

ing process, requiring one relative frequency distribution for each period 

of the year, for each value of DURSS. PKHR relative frequencies are 

listed in Table 12 for DURSS values of 2 through 7. Representative plots 

are included as Figure 15. Due to insufficient sample size, a single rela

tive frequency distribution is used for DURSS equal to 8. Data from all 

periods of the year are required to produce the single distribution. No 

serious error should result since the seasonal variation is relatively small 

for long duration storm segments. For DURSS values greater than 8, an 

approximate linear extrapolation of the DURSS equal to 8 PKHR distribution 

is used due to the lack of historical data. This process is illustrated in 



Table 12. Relative PKHR Frequencies by Period, for DUR&g Values 
of 1 Through 7 Hours 

Period DURSS 
hrs 

Jan 2 
/ 3 

Feb 4 
5 
6 
7 

Mar 2 
/ 3 

Apr 4 
5 
6 
7 

May 2 
/ 3 

Jun 4 
5 
6 
7 

Jul 2 
/ 3 

Aug 4 
5 
6 
7 

Sep 2 
/ 3 

Oct 4 
5 
6 
7 

Nov 2 
/ 3 

Dec 4 
5 
6 
7 

PKHR, in Hours 
1 2 3 4 5 6 7 

0.8423 0.1577 
0.4542 0.4583 0.0875 
0.1944 0.4333 0.3223 0.0500 
0.1340 0.2784 0.3711 0.2165 0.0000 
0.0408 0.2245 0.3469 0.2857 0.1020 0.0000 
0.0357 0.1072 0.3571 0.2143 0.2143 0.0714 0.0000 
0.8540 0.1460 
0.4432 0.5069 0.0499 
0.2400 0.4280 0.3120 0.0200 
0.1377 0.3293 0.3713 0.1617 0.0000 
0.1047 0.2209 0.2442 0.3372 0.0930 0.0000 
0.0192 0.2115 0.2500 0.2308 0.1923 0.0962 0.0000 
0.7747 0.2253 
0.4130 0.5311 0.0559 
0.1983 0.4526 0.3276 0.0215 
0.1185 0.4222 0.2741 0.1778 0.0074 
0.1061 0.3030 0.2879 0.1970 0.1060 0.0000 
0.0000 0.2273 0.3182 0.2273 0.1364 0.0908 0.0000 
0.7399 0.2601 
0.4457 0.5233 0.0310 
0.2282 0.4631 0.2819 0.0268 
0.0805 0.4483 0.3218 0.1494 0.0000 
0.1333 0.2333 0.3000 0.2333 0.1001 0.0000 
0.0667 0.0000 0.4000 0.4000 0.0000 0.1333 0.0000 
0.8269 0.1731 
0.4086 0.5305 0.0609 
0.2488 0.4179 0.3333 0.0000 
0.0667 0.3222 0.4111 0.2000 0.0000 
0.0943 0.1698 0.3774 0.2642 0.0943 0.0000 
0.0455 0.2727 0.1818 0.3182 0.1364 0.0454 0.0000 
0.8867 0.1133 
0.3962 0.5423 0.0615 
0.2690 0.3858 0.3350 0.0102 
0.1132 0.2453 0.3868 0.2547 0.0000 
0.0615 0.2462 0.4000 0.2154 0.0769 0.0000 
0.0556 0.1944 0.1667 0.3611 0.1667 0.0555 0.0000 

Note: DURSS = 1 is the degenerate case 
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Figure 15. Example PKHR Relative Frequency Histograms 
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Figure 16. By referring to Table 12, it will be noted that there is very 

little difference in the relative frequencies for different periods of the year, 

except for high values of DURSS where small sample bias introduces vari

ability. This agreement between periods of the year is also illustrated by 

Figure 15. For this reason, an example series of PKHR distributions 

([rom the Jan-Feb period) is included in Figure 16 to show the typical pro

gression of shapes with increasing values of DURSS. The extrapolation 

from the DURSS equal to 8 distribution maintains a third hour peak and 

distributes the relative frequencies as shown in Figure 16. This extrapo

lation best approximates the trends observed in the data. Table 13 lists 

the resulting PKHR relative frequencies corresponding to DURSS equal to 

8 through 14. The lack of PKHR occurrences in the first and last two 

hours of the DURSS equal to 9 through 14 distributions is an accurate re

flection of trends observed in the historical data. 

Building the "Shape Catalog" 

For a given value of DURSS and PKHR, the unimodal (single peak) 

shape of a storm segment allows a very simplified distribution of ACCUM 

over the storm segment hours. The approximately triangular hyetograph 

shapes appear to vary in a completely random fashion. For purposes of 

comparison, each empirical hyetograph shape was normalized by dividing 

each hourly intensity by ACCUM. By listing the normalized shapes in or

der of increasing ACCUM, holding DURSS and PKHR constant, it was de

termined that this remaining variability in the distribution of precipitation 

had no detectable relationship with the magnitude of ACCUM. Although de

pendence of shape on ACCUM was not generally evident, an occasional 
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Table 13. Relative PKHR Frequencies for DURSS Values of 8 Through 14, for All Periods 

PKHR, in Hours 
hrs 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

8 0.0000 0.0930 0.3140 0.2330 0.1740 0.1630 0.0230 0.0000 
9 0.0000 0.0000 0.2797 0.2399 0.2000 0.1601 0.1204 0.0000 0.0000 

10 0.0000 0.0000 0.2331 0.2065 0.1799 0.1534 0.1268 0.1003 0.0000 0.0000 
11 0.0000 0.0000 0.1998 0.1808 0.1618 0.1428 0.1239 0.1049 0.0860 0.0000 0.0000 
12 0.0000 0.0000 0.1748 0.1606 0.1463 0.1321 0.1179 0.1036 0.0894 0.0753 0.0000 0.0000 
13 0.0000 0.0000 0.1554 0,1443 0,1333 0.1222 0,1111 0.1000 0,0890 0,0779 0.0669 0,0000 0.0000 
14 0.0000 0.0000 0,1399 0.1310 0,1221 0.1133 0.1044 0.0956 0.0867 0.0778 0.0690 0,0602 0.0000 0,0000 

• 

<:Tl 
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extreme value of ACCUM (associated with short to moderate values of 

DURSS) showed a very strong peak hour accumulation. This is physically 

appealing since high intensity rainfall associated with thunderstorm events 

has been shown to be extremely short-lived (stall and Huff (1971)] . It was 

concluded that this occasional observation was of sufficient merit to include 

in the model (due to the expressed interest in thunderstorm events). 

A catalog of the mean normalized hyetograph shapes was compiled by 

dividing the historical record of storm segment durations into three cate

gories according to their relative importance and frequency of occurrence. 

Since 92% of all storm segments have DURSS values equal to or less than 

5 hours, and are likely to be associated with thunderstorm events, this 

became the first and most important category. The above physical argu

ment and observations led to a decision to store three shapes per period 

in the first category for each fixed value of DURSS and PKHR. This al

lowed the storage of mean hyetograph shapes based on the level of storm 

segment accumulation (ACCUM). Therefore, one mean shape was stored 

which represented the lower historical values of ACCUM. A second mean 

shape was stored to represent the midclle ranges of ACCUM. The last 

mean shape stored represented the relatively few shapes corresponding to 

higher values of ACCUM. The ranges or levels of ACCUM over which 

these mean shapes were computed was determined by dividing the maxi

mum historical value of ACCUM by 3. Therefore, the maximum accumu

lation value associated with the computation of the lowest level mean hyeto-

graph shape was (ACCUM) /3. The rnax.imum value associated with the 
max 

computation of the middle level mean shape was 2 x (ACCUM)max/ 3. The 



upper level mean hyetograph shape was computed using all the remaining 

historical shapes. 
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Only 6% to 8% of all storm segments have DURSS values of 6 through 

8 which are used to form the second category. Therefore, due to the low

er level of importance, one mean hyetograph shape was computed for each 

fixed value of DURSS, PKHR, and period of year. The final category 

covers DURSS values of 9 through 14. Only 1 % to 2% of all storm seg

ments fall in this category. Due to the lack of historical data and the 

relative unimportance, only one mean hyetograph shape was stored in the 

catalog for each fixed value of DURSS and PKHR. Some shapes not avail

able in the historical data were filled in by eye based on the closest re

lated historical shape. Shapes for DURSS equal to 12 were not included 

since storm segments of this length did not occur ln the historical data 

and will not be generated. Table 14 summarizes the shape catalog and 

gives the number of shapes stored per category. The entire shape cata

log is listed in Appendix D as Tables D.1 through D.12. When generating 

data in the model, the hyetograph shape (in the form of relative hourly 

accumulations) is pulled from storage by specifying DURSS, PKHR, and 

when required, period and ACCUM. 

Application of the Precipitation Model Using the Digital Computer 

Considerable effort has been made to describe the precipitation pro

cess in terms of independent random variables. The degree to which this 

is accomplished is reflected in the simplicity of the resulting computer 

model; and therefore, the efficiency of data generation. Independent ran

dom variables can be modeled very efficiently by generating values from 



I 

Table 14. Summary of Storm Segment Shape Catalog 

Category DURSS, ln Hours1 

1 2,3,4,5 

2 6,7,8 

3 9, 10, 11,13, 14 

Comments 

Store 3 mean hyetograph shapes (1 
mean shape for each of 3 levels of 
ACCUM) per PKHR value, per 
period of the year 

Store 1 mean hyetograph shape per 
PKHR value, per period of the year 

Store 1 mean hyetograph shape per 
PKHR value 

Note: For DURSS equal 1, shape is fully defined by ACCUM 

Number of mean 
shapes stored 

Total 
Stored 

252 

108 

37 

397 

C1l 
~ 
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the sample distribution or a fitted theoretical distribution. This ls accom

plished by the use of a random number generator. A large portion of the 

model developed herein consists of modeling independent random variables, 

which results in a remarkably efficient computer model, the details of 

which are discussed below. 

Modeling the Time Occurrence Random Variables 

The locations of storm events and storm segments in time are deter

mined by the independent random variables IATSE, IATSS, NSSSE, and 

DURSS. Therefore, a single distribution is required to represent each 

random variable in each period of the year. With the exception of IA TSE, 

the sample relative frequencies are read into computer storage (Tables 4, 

5, and 7). A fitted exponential function represents the distribution of 

IA TSE and requires less storage since only the six sample means and six 

lower cutoff levels are stored (Table 2). An added benefit is that IA TSE 

values can be computed directly from the exponential distribution function, 

given a uniformly distributed random number from the interval zero to one. 

IATSE is generated from that model whose period contains the first hour 

of the interarrival time, which is in accordance with the way the data was 

analyzed. The generated IA TSE value is truncated to the nearest hour, 

resulting in an average error in the discretization of 1/2 hour per about 

100 hours average. Values of the remaining time occurrence variables are 

obtained by a search of the appropriate sample cumulative distribution using 

uniformly distributed random numbers. However, this search is greatly 

shortened since it begins at the lower end of the distribution where the 

probability is concentrated (refer to Appendices B and C). 



The sequence of generating and reassembling values of these random 

variables to create storm events follows the exact reverse of the disas

sembly of the historical data in order to precisely model the precipitation 

process. The period in which a generated storm event occurs is deter

mined by the period containing the first wet hour. 

Modeling the storm Segment Hyetograph 

The intensity and distribution of precipitation within storm segments 
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is determined by the random variables ACCUM and PKHR, and the shape 

catalog. The two random variables are not entirely independent and re

quire the use of conditional distributions. Since the lognorroal function is 

fitted to the ACCUM sample distributions, only the means and variances of 

the logarithms of the historical data are read into storage (Table 10). 

Values of ACCUM can then be computed directly using standard normally 

distributed random numbers produced by the random number generator. 

PKHR requires the storage of 78 sample distributions in the form of rela

tive frequencies (Tables 12 and 13). Values are generated using uniformly 

distributed random numbers. The shape catalog requires the storage of 

397 sample shapes in the form of normalized hourly intensities (Tables 

D.1 through D.12). The shapes are selected from storage by fixed values 

of DURSS, PKHR, ACCUM, and period, M, as required. 

The Random Number Generator 

The random number generator used is one originally developed by 

Marsaglia, et al, at McGill University, and is popularly called the "Super

Duper" [Marsaglia, MacLean, and Bray (1964)]. The basic generator is 

now widely used in published statistical software packages and is available 



at many computing facilities (including The University of Iowa) as an on

line subroutine. Several options are available at the call of a single pro

gram statement, These include a uniformly distributed random number 

from the interval zero to one, and a standard normal distributed random 

number, both of which are used in the precipitation model. 

The popularity of the "Super-Duper" results from its ability to pro-
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duce a series of random numbers with the desired properties at an ex

tremely high speed of generation (approximately 15,000 per second for both 

the uniform and standard normal options). The generator requires two 

integer seed values, one for each of two internal generators which are 

·combined to produce a single output. 

The Computer Program 

The precipitation model was expressed in terms of the Fortran IV 

language for use in conjunction with the IBM 360 digital computer at The 

University of Iowa. A program listing, Including data, and a sample out

put are included in Appendix E as Tables E. 1 and E. 2. Figure 17 pre-

sents a simpl if led flow chart of the computer model. 

After reading the distributions into storage, it is a simple matter to 

generate values from the distributions In the proper sequence to construct 

synthetic storm events. Briefly, this consists of generating an lnterarrival 

time to a storm event (IATSE), and then generating and locating the storm 

segments. This is repeated the desired number of times by the looping 

process illustrated in Figure 17. The only complex part of the procedure 

is determining the date of the storm event. ln order to accomplish this, 

a multiple level time update system is used. This involves a year, 



List of Flow Chart Variables: 

ACCUM(N) 

DUR&g(N) 
IATSE 
IATSS(N-1) 
ISTART 

JSTART 

LL 

LENGTH 
LYR 
M 
MHRS(M) 
N 
NBYR 

NHOURS 

NSSSE 
PKHR(N) 
RAIN(N, I) 

TRAIN 

Flow Chart: 

- Nth storm segment precipitation accumulation, 
in inches. 

- Duration of Nth storm segment, in hours. 
- Inter arrival time to storm event, in hours. 
- lnterarrival time to Nth storm segment, in hours. 
- Random number generator seed ( congruential gener-

ator). 
- Random number generator seed ( shift register gen-

erator). 
- Incremental hourly counter referenced to beginning 

of storm event • 
- Length of storm event, in hours. 
- Last year of data generation. 
- Period of year counter 
- Total number of hours in period M. 
- Incremental storm segment counter. 
- Year counter (initialized with first year of data gen-

eration). 
- Accumulated time in hours from beginning of period, 

M. 
- Number of storm segments in storm event. 
- Peak hour of Nth storm segment, in hours. 
- Hourly precipitation accumulations of the Nth storm 

segment, Ith hour, in inches. 
- Total precipitation accumulation in storm event, ln 

inches. 

User Initial lzation 
(1) NBYR = First year of data generation (for example: 1976) 

-increments each year 
(2) L YR = Last year of data generation 
(3) Random number generator seeds:-

ISTART = Any 1 to 7 digit integer value 
JSTART = Any 1 to 7 digit integer value 

Read statements 
i 

M=l 
NHOURS =O 

Figure 17. Digital Computer Model Flow Chart 
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r----- -----, 
, Time update 1 

L-~~~-~~l _ J 
(1.) Compute month, day, and 

hour of storm event start 

Figure 17 (cont'd.) 
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generation loop 

(NSSSE cycles) 
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Generate 
DURS.S(N) 

Generate 
ACCUM(N) 

Generate 
PKHR(N) 

(1) Select storm segment shape 
from shape catalog 

(2) Compute hourly accumulations, 
RAIN(N, I), I= 1, 2, •• , DURSS(N) 

(1) Add to storm event length: 
LENGTH = LENGTH + DURS.S(N) 
+ IATSS(N-1)* 

(2) Add to storm event accumulation: 
TRAIN = TRAIN+ ACCUM(N) * IATSS(0) = 0 

(1) Store storm event hourly acumu
lations, HRAIN(LL), LL= LL+ 1, 
LL+ 2, ••• , LENGTH 
(place IATSS(N-1)* dry hours and 
DURSS(N) wet hours into storage) 

(1) 

Figure 1 7 (cont'd. ) 

N= NSSSE ? 

yes 
t 

Write statements 

Update NHOURS counter : 
NHOURS = NHOURS + LENGTH 

I ------ ------r , 
1 Time update 1-

1 
___ _..,. 

, (see detail) , .._ __________ _J 

Go to 
100 
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Figure 17 (cont'd. ) 

61 

• 

• 



62 

period, and hour update process. The number of hours, NHOURS, 

from the beginning of the period, M, is constantly updated in the genera

tion process. When NHOURS exceeds the number of .hours in the present 

period, MHRS(M), the pe~iod increments to the next. At the end of the 

last period of the year, the year and period are updated. Each new year 

requires a leap year test to properly initialize the first period hours, 

MHRS(l). The number of days per month (also stored) must be initialized 

to reflect the presence of leap year. This constant update process is re

quired to enable the specification of the hour, day, month, and year of 

each storm event start. 

The output of the computer program is designed to give all the infor-

mation necessary to conduct any precipitation study desired. A sample 

output is included in Table E. 2. Fir st, the hour, day, month, and year 

of the storm event start is given, followed by the interarrival time from 

the previous storm event (IA TSE, in hours), the total storm event length 

(LENGTH, in hours), and the total storm event accumulation (TRAIN, in 

inches). In addition, the storm event hourly accumulations are printed 

out in inches. 

The program is highly efficient, requiring less than 128 kilobytes of 

storage (IBM 360 system). Compile time is approximately 20 seconds, 

and in generation tests, 33 years of hourly precipitation were generated 

in less than 30 seconds. Generation of any length can be accomplished by 

initializing NBYR with the first year to be generated and assigning to L YR 

the last year to be generated. 



IV. ANALYSI S OF RESULTS 

Testing Methodology 

The stochastic precipitation model just developed makes use of a 

data decomposition process which divides the historical precipitation time 

series into storm events, and in turn, into storm segments. The various 

random variables defined to fully specify the location in time and the inten

sity of storm segments represent what is believed to be the essence of the 

historical time series of storm segments, and are represented by their 

distributions in the precipitation model. These random variables, in large 

part, are independent both serially and with respect to each other. To 

test this, a considerable amount of correlation tests were previously con

ducted with only DURSS and ACCUM displaying a significant dependence in 

cross-correlation. An important additional test of the independence 

assumptions can be conducted using the final model generated output. 

The testing methodology proposed is to generate a data set of suffi

cient length to provide adequate sample sizes, and to test the important 

statistical aspects of the resulting storm events against those in the his

torical data set. Therefore, storm events will be tested instead of storm 

segments. This approach provides the best tests of the precipitation 

model since storm events are modeled in component form (i.e., storm 

segments). As a result, the storm segments, and their relationship to 

each other, must be precisely modeled to permit their proper assembly 



into storm events. Any undetected dependence in the random variables 

will almost certainly result in a lack of statistical agreement in the dis

tributions of the historical and generated storm event durations and accu

mulations. A separate test of storm segment hyetograph shape (modeled 

by PKHR and the shape catalog) is not proposed since representative his

torical shapes are used directly in the model, with the primary purpose 

of providing a natural variety in the detailed precipitation structure. 

The tests are conducted in two stages. A series of simple tests are 

conducted first to determine if the model is reproducing the basic aspects 

of the precipitation process. These aspects are: 

(1) Number of storm events generated in each period of the year 

~) Storm event duration comparison 

a. Comparison of cumulative distributions 

b. Comparison of means and standard deviations 

(3) Storm event accumulation comparison 

a. Comparison of cumulative distributions 

b. Comparison of means and standard deviations 

The second stage of testing is stronger, and involves testing the depth 

versus duration relationship of storm events. Two comparisons are made 

which, in conjunction with the simple tests above, provide the necessary 

information on the applicability of the model. These are: 

(1) Storm event cumulative depth-duration comparison 

(2) Storm event depth-duration comparison for different frequency 

levels. 

64 



65 

Data Generation Test Results 

The above testing methodology was implemented by first generating 

a sample data set of 33 years length. A generated length equal to the his

torical record is advantageous since the sample sizes can be directly com

pared. In addition, based on experience with the historical record, a 33 

year record length is entirely adequate in terms of sample size. The 

generated data were first separated into storm events using the procedure 

developed earlier for the historical data (including the same cutoff levels). 

The number of storm events occurring in each period of the year were 

compared to their historical counterparts and the results presented in 

Table 15. The close agreement in this simple statistic is very significant, 

s-ince it implies that the variables IATSE, IATSS, NSSSE, and DURSS are 

being modeled properly. These variables, it will be recalled, entirely 

specify the time occurrence of precipitation and were assumed to be serial

ly and mutually independent within each period of the year. IATSE controls 

the time between storm events, and IA TSS, NSSSE, and DURSS directly 

determine the length of storm events. The primary variable determining 

the number of storm event occurrences is IA TSE, with the remaining var i

ables contributing to a lesser degree. 

Storm Event D~ation Comparison 

The storm event duration distributions were computed for both the 

generated and historical data, and overplotted for direct comparison. 

These distribution comparisons are included in Appendix F as Figures F .1 

through F. 6. The distributions are virtually identical in each of the six 

periods of the year even though the historical distributions are significantly 



Table 15. Comparison of the Number of Storm Events in 33 Years of Continuous Record, Historical 
Versus Generated 

Absolute % 
Period · Number of Storm Events Deviation of Generated Deviation of Generated 

Historical Record Generated Record from Historical from Historical 

Jan-Feb 306 292 -14 -4.6 

Mar-Apr 428 404 -24 -5.6 

May-Jun 607 597 -10 -1.6 

Jul-Aug 491 480 -11 -2.2 

Sep-Oct 370 376 6 1.6 

Nov-Dec 318 299 -19 -5.9 

Table 16. Results of 1\vo-Sample Kolmogorov-Smirnov Tests (Historical Versus Generated Duration, 
Depth, and Depth-Duration Distributions) 

Duration Deoth Depth-Duration 

Period K-S K-S 95% K-S K-S 95% K-S K-S 95% 

Statistic Conf. Lmt. Statistic Conf. Lmt. Statistic Conf. Lmt. 

Jan-Feb 0.062 0.248 0.090 0.248 0.092 0.215 

Mar-Apr 0.040 0.248 0.037 0.248 0.105 0.215 

May-Jun 0.035 0.248 0.050 0.248 0.065 0.215 

Jul-Aug 0.050 0.248 0.060 0.248 0.100 0.215 

Sep-Oct 0.063 0.248 0.060 0.248 0.085 
~ 

0.215 

Nov-Dec 0.068 0.248 0.093 0.248 0.065 0.215 

0) 
0) 
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different between periods. A plot comparing two periods ls included as 

Figure 18. The difference between the two sample cumulative distributions 

was tested using the Kolmogorov-Smirnov test [Lindgren and McElrath 

(1969), page 277]. These results, presented in Table 16, show no signifi

cant difference between the two. 

The mean and standard deviation of the storm event durations were 

also computed for comparison in each period of the year. These values 

are listed in Table 17, and show very close agreement. It will be noted 

that the means differ by less than one hour for all periods of the year. 

A test of the equality of the means was conducted by using the normal 

approximation to the distribution of the means [Hogg and Craig (1970)]. 

These results are also listed in Table 17, and show no significant differ-

ences. 

The results of the above tests, coupled with the aforementioned agree

ment in the number of storm event occurrences, lends support to the as

sumptions of independence in the time occurrence random variables IA TSE, 

IA TSS, NSSSE, and DURSS, and to the correctness of their representation. 

Storm Event Accumulation Comparison 

Next, the storm event accumulation distributions were computed for 

both the generated and historical data, and overplotted for direct compari

son. These distribution comparisons are included in Appendix F as Fig

ures F. 7 through F.12. A plot comparing two periods ls included as Fig

ure 19. The results show very little difference between the distributions 

in each period of the year. The difference between the distributions was 

tested using the Kolmogorov-Smirnov test. These results, included in 
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Table 17. Comparison of Means and Standard Deviations of Storm Event Durations, Historical 

Versus Generated Test of Equality 

Historical Data. 33 Years 
Generated Data. 33 Years Deviation of of the Means 

Period Mean, Std. Dev., Mean, Std. Dev., Generated Mean Test 80% 

in Hours in Hours in Hours ln Hours from Historical Statistic Conf. Interva1 

Jan-Feb 13.08 10.22 13. 31 10.88 0.23 0.650 0.100-0.900 

Mar-Apr 15.77 14.09 16.62 15.50 0.85 0.887 0.100-0.900 

May-Jun 8.87 8.00 8.77 8.45 -0.10 0.380 0.100-0.900 

Jul-Aug 6.80 6.00 6.46 5.64 -0.34 0.107 0.100-0.900 

Sep-Oct 12.11 13. 34 12.31 14.59 0.20 0.614 0.100-0.900 

Nov-Dec 14.64 11.72 15.47 12.21 0.83 0.890 0.100-0.900 
. 

Table 18. Comparison of Means and standard Deviations of Storm Event Accumulations, Historical 

Versus Generated . Test of Equality 

Historical Data. 33 Years 
Generated Data. 33 Years Deviation of of the Means 

Period Mean, Std. Dev., Mean, Std. Dev., Generated Meat Test 75% 

in Inches in Inches in Inches in Inches from Historical Statistic Conf. Interval 

Jan-Feb 0.221 0.307 0.211 0.226 -0.010 0.288 0.125-0.875 

Mar-Apr 0.426 0.490 0.453 0.563 0.027 0.866 0.125-0.875 

May-Jun 0.461 0.567 0.473 0.683 0.012 0.697 0.125-0.875 

Jul-Aug 0.498 0.661 0.507 0.837 0.009 0.617 0.125-0.875 

Sep-Oct 0.530 0.744 0.566 0.854 0.036 0.826 0.125-0.875 

Nov-Dec 0.339 0.489 0.320 0.337 -0.019 0.250 0.125-0.875 

. 

0) 
<.O 
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Table 16, show no significant difference. The mean and standard deviation 

of the storm event accumulations were computed for comparison in each 

period of the year. These values are listed in Table 18, and show very 

close agreement. A test of the equality of the means was conducted by 

again using the normal approximation for the distribution of the means. 

These results are included in Table 18, again showing no significant differ-

ences. 

The results of these tests and comparisons tend to support the con-

tention that ACCUM is solely dependent on DURSS. Any significant undis

covered dependence of ACCUM on the other time occurrence variables 

would have likely caused greater differences between the historical and 

generated distributions. In addition, an implicit requirement of the lack 

of difference in the distributions ls the proper modeling of the time occur-

rence random variables. 

Storm Event Cumulative Depth-Duration Comparison 

The storm event depth-duration distributions were computed and plot-

ted for comparison, and are included in Appendix F · as Figures F .13 

through F .18. A representative plot, comparing two periods of the year, 

is included as Figure 20. Agreement in these distributions requires that 

storm events of a given length contribute the same portion of the total 33 

year depth. The difference between the two sample distributions was tested 

using the Kolmogorov-Smirnov test. These results, which are included in 

Table 16, show no significant difference between the historical and gener

ated distributions. Considering the severity of the test, agreement between 

the distributions is quite remarkable. The small differences that do occur 
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perhaps can be explained in terms of model deficiencies. Throughout the 

year, there appears to be a consistent small difference in the distributions 

in the upper ranges (i.e., long duration storm events). This difference 

may be a result of the slight serial dependence in ACCUM observed in 

earlier tests. It will be recalled that this trait is believed to occur only 

in long duration storm events, which could adequately explain the observed 

difference in distributions. A second type of difference, which appears to 

occur over the entire distribution, is evident during the two transition 

periods of the year, Mar-Apr and Sep-Oct. These two distributions dis

play the most widespread differences, and are included as Figures 21 and 

22. This is probably the result of rapidly changing meteorological condi

tions during these periods, causing the assumption of stationarity in each 

period to be less than accurate. 

Storm Event Depth-Duration Comparison for Different Frequency Levels 

An additional depth-duration comparison can be made which better 

illustrates the relationship for various frequency levels. These compari

sons are included in Appendix F as Figures F.19 through F. 24. Two 

representative plots are included as Figures 23 and 24. These plots show 

the frequency of storm event occurrence for a given depth-duration rela

tionship. The 90% and 99% frequency levels are plotted, which means that 

90% or 99% of all storm events of that period occur at or below the appro

priate plotted level. The scatter of points at the 99% level is greater than 

that at the 90% level due to the infrequent occurrence of storm events 

above the 99% level. The extent of agreement between the historical and 

generated data appears to be excellent. The small variation within a 
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frequency level in these plots appears to be sampling variation. However, 

there is an unmistakable grouping at each level. The historical and gen

erated results group together such that different frequency levels appear 

significantly different. 
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V. CONCLUSIONS 

Attainment of Objectives 

Attainment of Primary Objective 

The stochastic precipitation model just developed is primarily intended 

for use in the Ralston Creek flood hazard study. This primary purpose re

sulted in specific steps being taken in the model development to emphasize 

the model's ability to represent those periods of the year and types of 

storm events believed to be most important from a flooding viewpoint. 

Storm events emphasized are those that occur primarily during periods 3 

and 4, corresponding to the summer season. Critical storm events are 

known to be those that contain severe thunderstorm cells which yield a 

short duration and high intensity rainfall. Emphasis of this type results 

in an indirect benefit that contributes to the primary objective. This ben

efit is the increased efficiency and simplicity resulting from the lack of 

need to generate extreme values of those model random variables (IA TSS, 

NSSSE, and DURSS) specifying the time occurrence and persistence of pre

cipitation within storm events. Only extreme values of ACCUM are nec

essary to adequately model the storm events of interest. This is not to 

say that other periods of the year, and long storm events, are not ade

quately modeled. On the contrary, the extremely long historical record 

provides excellent sample distributions from which to generate values of 

IATSS, NSSSE, and DURSS during all periods of the year. 
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Representation of Extreme Events. -- Based on the success of the 

method of storm segments in the model development, and the depth-dura

tion comparisons and t.ests in the results, the model should find success

ful application in the Ralston Creek study. The depth-duration comparisons 

indicate an accurate reproduction of the frequency of occurrence of storm 

events of a like depth-duration relationship. This agreement can only be 

observed for storm events of record where sample sizes are adequate. 

There is no way that an extrapolation of these conclusions can be made for 

extreme events of rare occurrence in the historical record, or for those 

yet to be observed. Comments can only be made in terms of levels of con

fidence, a subjective conclusion based on all the observations and results. 

The model has no knowledge beyond the historical record, but relies on 

statistical trends in the historical data to produce extreme events during 

data generation. There is an acceptable level of confidence that the model 

can produce extreme events that are representative of those that might 

occur. 

Efficiency in Data Generation. -- Of equal importance is the efficiency 

of the model in data generation. Without a high level of efficiency in the 

digital computer application of the model, long term data generation cannot 

be adequately accomplished, and therefore, extreme storm events cannot be 

effectively analyzed. The precipitation model developed herein for digital 

computer application was tested under conditions representative of those it 

should encounter in application. The data generation efficiency seems to 

be adequate for any foreseeable use. 
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Attainment of Secondary Objective 

Model Applicability at Other Locations. -- Stochastic precipitation 

modeling by the method of storm segments is a unique approach that holds 

considerable promise in other applications. The promise of success else

where rides with the independence of storm segments and the associated 

time occurrence random variables IATSS, NSSSE, and DURSS. The inde

pendence of storm events has already received some measure of accep

tance elsewhere. The physical arguments supporting the independence of 

storm segments would seem to be applicable to most areas if the size and 

speed of storm cells are of the same order of magnitude as those experi

enced in the immediate vicinity of Ralston Creek. Squall lines (lines of 

thunderstorms) are one of the most ordered precipitation producing mete

orological patterns, providing a good test of storm segment independence. 

An argument has already been made that this highly ordered structure pro

duces a seemingly random pattern in the hourly precipitation accumulations 

recorded at a fixed point on the surface, resulting in the independence of 

storm segments. If this highly ordered structure results in independent 

storm segments at Ralston Creek, then there is reason to believe that in

dependent storm segments will be encountered at other locations. If this 

is the case in future studies, then the method of storm segments can be 

applied in much the same manner as done herein. 

Other applications will likely involve areas where the historical data 

set is of insufficient length to produce adequate sample distributions for 

use directly in data generation. In these cases, distribution fits may be 

required. This will create no problem ln applying the storm segment 

• 



method, and may even be desirable in order to generate extreme values 

of interest. 
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There are no inherent limitations to the use of the precipitation model 

in other locations, beyond those already discussed. Assuming a point 

precipitation model is required, and the time increment chosen is compat

ible with the meteorological conditions (producing independent storm seg

ments), then the model should find a useful application. The fact that it 

is a point precipitation model will limit its use to water sheds of a few 

square miles or less. The roaxlmum water shed size will be dependent on 

the local meteorological conditions. If these conditions are such that the 

precipitation is predominately widespread and uniform, then the maximum 

watershed size could be increased. If rainfall tends to be highly localized, 

such as that produced by thunderstorm events, then the watershed size 

would have to be limited in size such as the Ralston Creek watershed. 

The time increment chosen must also be compatible with the water

shed size. The time increment must be small enough to prevent excessive 

smoothing of the outflow hydrograph. Gentle topography and land use are 

not of direct concern with the exception of their influence on the time of 

concentration and rapidity of response of the watershed to precipitation 

inputs. • 

Localized influences on the precipitation process, such as those pro

duced by mountainous terrain or urbanization, should not prevent use of the 

model as long as the data set used can be assumed to be stationary. 

Locations effected by tropical storms will proba.bly require a separate 

model for those events due to their infrequent occurrence and unusual 



characteristics. Arid regions will pose special problems in scheduling the 

occurrence of storm events due to the strong persistence of dry periods. 

However, the method of storm segments still should be applicable assum

ing that the time occurrence of storm events can be specified by the 

appropriate model. 
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Model Applicability Using Other Time Increments. -- The success of 

the precipitation model developed herein is based on the definition of storm 

segments and their independence in relation to one another. It is possible 

that a radically different observation interval (i.e., different time incre

ments) will upset this independence between storm segments by altering the 

mean number of storm cells observed per unit interval during wet periods. 

Therefore, to use a different time increment would require that the corre

lation studies be repeated for each of the model random variables to re

establish the independence of storm segments. 

Model Deficiencies 

No aspect of the precipitation model was judged deficient for the pur-, 

pose for which it was developed. However, several areas could be con

sidered deficient if other purposes (i.e., other than the Ralston Creek 

flooding hazard study) become important. If winter precipitation events, 

or those events which contain a large number of storm segments (long du

ration), become more important, then some consideration will have to be 

given to the slight serial dependence found in ACCUM for those cases. 

Based on test results during the two transition periods (Mar-Apr and 

Sep-Oct), the two ,month equal length divisions of the year may be less 
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than ideal for the modeling of seasonal non-stationarity. If a greater 

modeling accuracy in these two periods becomes desirable, a different 

system of division, perhaps using unequal lengths, may be appropriate. 

Other areas of potential deficiency will probably arise as new uses of the 

model are proposed. It is obviously impossible to develop a practical 

model suitable for every conceivable use. Therefore, any new uses pro

posed will require a detailed study to determine if model modifications are 

needed. 



LIST OF REFERENCES 

1. Amorocho, J. and B. Wu, "Mathematical Models for the Simulation 
of Cyclonic Storm Sequences and Precipitation Fields", National 
Symposium on Precipitation Analysis for Hydrologic Modeling, Davis, 
Calif., June 26-28, 1975. 

2. Austin, T. A. and B. J. Claborn, "Statistical Model of Short-Duration 
Precipitation Events", Proceedings Symposium on Statistical Hydrol
ogy, Arizona University, Tucson, Arizona, Aug. 31 - Sept. 2, 1971. 

3. Battan, L. J. and R. R. Braham, "Study of Convective Precipitation 
Based on Cloud and Radar Observations", Journal of Meteorology, 
Vol. 13, 1956. 

4. Cole, J. A. and J. D. F. Sherriff, "Some Single and Multi-Site 
Models of Rainfall Within Discrete Time Increments", Journal of 
Hydrology, Vol. 17, 1972. 

5. Corotis, R. B., "Stochastic Simulation of Thunderstorms", National 
Symposium on Precipitation Analysis for Hydrologic Modeling, Davis, 
Calif., June 26-28, 1975. 

6. Crichlow, W. Q., et al, "·Hourly Probability of World Wide Thunder
storm Occurrence", Office of Telecommunications, Inst. for Tele
communication Sciences, Boulder, Colorado, April, 1971. 

7. Croley, T. E., K. Shih and R. N. Eli, "Nonstationary Streamflow 
From Urbanizing Watersheds: A Case Study", ASCE Hydraulics 
Division Specialty Conference, Hydraulic Engineering for Optimal Use 
of Water Resources, Seattle, Wash., Aug. 6-8, 1975. 

8. Eagleson, P. S., Dynamic Hydrology, McGraw-Hill, New York, 
N. Y., 1970. 

9. Egbuniwe, N., "Generation of Hourly Rainfall", Water Resources 
Bulletin, Vol. 11, No. 4, Aug., 1975. 

10. Eli, R. N. and T. E. Croley, "Scheduling of Non-Stationary Hourly 
Precipitation", National Symposium on Precipitation Analysis for 
Hydrologic Modeling, Davis, Calif., June 26-28, 1975. 

82 



11. Farmer, E. E. and J. W. Homeyer, "The Probability of Consecutive 
Rainless Days", Water Resources Bulletin, Vol. 10, No. 5, Oct., 
1974. 

12. Fogel, M. M. and L. Duckstein, "Point Rainfall Frequencies in Con
vective Storms", Water Resources Research, Vol. 5, No. 6, Dec., 
1969. 

13. Franz, D. D., "Hourly Rainfall Generation for a Network", Proceed
ings Symposium on Statistical Hydrology, Arizona University, Tucson, 
Arizona, Aug. 31 - Sept. 2, 1971. 

14. Grace, R. A. and P. S. Eagleson, "The Synthesis of Short-Time
Increment Rainfall Sequences", Hydrodynamics Laboratory Report 
No. 91, M. I. T. Dept. of Civil Engineering, Cambridge, Mass., 
May, 1966. 

15. Gupta, V. K. and L. Duckstein, "A Stochastic Analysis of Extreme 
Droughts", Dept. of Hydrology and Water Resources, University of 
Arizona, Tucson, Arizona, Sept., 1974. 

16. Hershfield, D. M., "A Brief Look at Storm Rainfall Characteristics", 
National Symposium on Precipitation Analysis for Hydrologic Model
ing, Davis, Calif., June 26-28, 1975. 

17. Hoel, P. G., s. C. Port and C. J. Stone, Introduction to Probability 
Theory, Houghton Mifflin Company, Boston, Mass., 1971. 

18. Hogg, R. V. and A. T. Craig, Introduction to Mathematical Statistics, 
The Macmillan Company, London, 1970. 

19. Howe, J. W. and R. Warnock, "An Analysis of the Ralston Creek 
Hydrologic Record", Iowa Institute of Hydraulic Research, The 
University of Iowa, Iowa City, Iowa, Iowa Highway Research Board, 
Bulletin No. 16, Dec., 1960. 

20. Huff, F. A., "Time Distribution of Rainfall in Heavy Storms", Water 
Resources Research, Vol. 3, No. 4, 1967. 

21. Huff, F. A., "Urban Effects on Heavy Rainfall Distribution", Nation
al Symposium on Precipitation Analysis for Hydrologic Modeling, 
Davis, Calif., June 26-28, 1975. 

22. Jenkins, G. M. and D. G. Watts, Spectral Analysis and its Applica
tions, Holden-Day, San Francisco, Calif., 1968. 

23. Kavvas, M. L. and J. W. Delleur, "Analysis of Trends and the Per
sistence Structure in the Dally Rainfall Occurrences in Indiana", 
National Symposium on Pree ipitation Analysis for Hydrologic Model
ing, Davis, Calif., June 26-28, 1975. 

83 

• 



24. Kerr, R. L., et al, "Time-Distribution of Storm Rainfall in Penn
sylvania'', Inst. for Research on Land and Water Resources, Penn
sylvania State University, University Park, Pa., June, 1974. 

25. Klugman, M. R., "Eigenvector Analysis of Drought: The Upper Mid
west, 1931-1969", Qualifying Paper, Department of Geography, The 
University of Iowa, Iowa City, Iowa, 1976. 

26. Larson, C. L. and B. M. Reich, "Relationship of Observed Rainfall 
and Runoff Recurrence Intervals", Proceedings of the Second Inter
national Symposium in Hydrology, Fort Collins, Colorado, Sept. 
11-13, 1972. 

27. Larson, L. W., "Precipitation and Its Measurement, A State of the 
Art", Water Resources Research Institute, The University of Wyom
ing, Laramie, Wyoming, W.R. S. No. 24, June, 1971. 

28. Lindgren, B. W. and G. W. McElrath, Introduction to Probability and 
Statistics, The Macmillan Company, London, 1969. 

29. Marsaglia, G., M. D. MacLean and T. A. Bray, "A Fast Procedure 
for Generating Normal Random Variables", Association for Comput
ing Machinery, Vol. 7, No. 1, Jan., 1964. 

30. Marshall, R. J., "A Stochastic Model to Simulate Moving Storms", 
National Symposium on Precipitation Analysis for Hydrologic Model
ing, Davis, Calif., June 26-28, 1975. 

31. Mavis, F. T. and E. Soucek, "A Summary of Hydrologic Data, 
Ralston Creek Watershed, 1924-1935", University of Iowa Studies 
in Engineering, The University of Iowa, Iowa City, Iowa, Bulletin 9, 
1936. 

32. McDonald, J. E. and C. R. Green, "A Comparison of Rank Differ
ence and Product-Moment Correlation of Precipitation Data", Journal 
of Geophysical Research, Vol. 65, No. 1, 1960. 

33. Morgan, G. M., D. G. Brunkow and R. C. Beebe, "Climatology of 
Surface Fronts", Illinois State Water Survey, Circular I 22, Urbana, 
Ill., 1975. 

34. Osborn, H. B., W. C. Mills and L. J. Lane, "Uncertainties in Est
mating Runoff-Producing Rainfall for Thunderstorm Rainfall-Runoff 
Models", International Symposium on Uncertainties in Hydrologic and 
Water Resource Systems", Tucson, Arizona, 1971. 

35. Pattison, A., "Synthesis of Hourly Rainfall Data'', Water Resources 
Research, Vol. 1, No. 4, Fourth Quarter, 1965. 

84 



36. Rao, A. R. and B. T. Chenchayya, "Comparative AnaJysis of Short 
Time Increment Urban Precipitation Characteristics", National Sym
posium on Precipitation Analysis for Hydrologic Modeling, Davis, 
Calif., June 26-28, 1975. 

37. Raudkivi, A. J. and N. Lawgun, "Synthesis of Urban Rainfall", 
Water Resources Research, Vol. 6, No. 2, April, 1970. 

38. Raudkivi, A. J. and N. Lawgun, "Generation of Serially Correlated 
Non-Normally Distributed Rainfall Distributions", Water Resources 
Research, Vol. 8, No. 2, 1972. 

39. Raudkivi, A. J. and N. Lawgun, "Simulation of Rainfall Sequences", 
Journal of Hydrology, No. 22, 1974. 

40. Reitan, C. H., "Frequencies of Cyclones and Cyclogenesis for North 
America, 1951-1970", Monthly Weather Review, Vol. 102, Dec., 
1974. 

41. Rhenals-Figueredo, A. E., et al, "Bidimensional Spectral Analysis 
of Rainfall Events", R. M. Parsons Labor.atory for Water Resources 
and Hydrodynamics, M. I. T., Cambridge, Mass., Nov., 1974. 

41. Sariahmed, A. and C. C. Kisiel, "Synthesis of Sequences of SumroAr 
Thunderstorm Volurons for the Atterbury Watershed in the Tucson 
Area", Proceedings of !ASH Symposium, Use of Analog and Digital 
Computers in Hydrology, Vol. 2, 1968. 

43. Sasaki, Y., "Mechanism of Squall-Line Formation as Suggested From 
Variational Analysis of Hourly Surface Observations", Eighth Confer
ence on Severe Local Storms, AMS, Boston, Mass., Oct. 15-17, 
1973. 

44. Serfling, R. J., "The Poisson Distribution for the Frequency of Rare 
Levels of Persistent Meteor logical Elements", Dept. of Statistics, 
Florida State University, Tallahassee, Florida, June, 1975. 

45. Skees, P. M. and L. R. Shenton, "Comments on the Statistical Dis
tribution of Rainfall Per Period Under Various Transformations", 
Proceedings Symposium on Statistical Hydrology, Arizona University, 
Tucson, Arizona, Aug. 31 - Sept. 2, 1971. 

46. Sorman, U. A. and J. R. Wallace, "Digital Simulation of Thunder
storm Rainfall", Environmental Resources Center Report ERC-0972, 
Georgia Institute of Technology, Atlanta, Georgia, Aug., 1972. 

47. Stall, J. B. and F. A. Huff, "The Structure of Thunderstorm Rain
fall", ASCE National Water Resources Engineering Meeting, Phoenix, 
Arizona, Jan. 11-15, 1971. 

85 



48. Todorovic, P. and V. Yevjevich, "Stochastic Process of Precipita
tion", Colorado State University Hydrology Papers, No. 35, Colorado 
State University, Fort Collins, Colorado, 1969. 

49. Todorovic, P. and J. Rousselle, "Some Problems of Flood Analysis", 
Water Resources Research, Vol. 7, No. 5, Oct., 1971. 

50. Todorovic, P. and E: Zelenhasic, "A Stochastic Model for Flood 
Analysis", Water Resources Research, Vol. 6, No. 6, Dec., 1970. 

51. Vogel, J. L. and F. A. Huff, "Mesoscale Analysis of Urban-Related 
Intense Storms", National Symposium on Precipitation Analysis for 
Hydrologic Modeling, Davis, Calif., June 26-28, 1975. 

52. Wiesner, C. J., Hydrometeorology, Chapman and Hall Ltd, London, 
1970. 

53. Wiser, E. H., "Modified Markov Probability Models of Sequences of 
Precipitation Events", Monthly Weather Review, Vol. 93, No. 8, 
Aug., 1965. 

54. Yevjevich, V., Probability and Statistics in Hydrology, Water Re
sources Publications, Fort Collins, Colorado, 1972. 

55. Zelenhasic, E., "Theoretical Probability Distributions for Flood 
Peaks", Colorado State University Hydrology Papers, No. 42, 
Colorado State University, Fort Collins, Colorado, 1970. 

86 



87 

APPENDIX A 

DATA ACQUISITION AND PREPARATION 



Ralston Creek Watershed 

The watershed of the north branch of Ralston Creek is adjacent to 

Iowa City on the east and lies north of Rochester road between Iowa 
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City and West Branch. It is roughly three and one-half miles long in an 

easterly and westerly direction and seven-eights of a mile wide (see Figure 

A. l). The main stream flows in a westerly direction to a streamflow 

gaging station which is located near the southwest corner of the watershed. 

The main stream has a total length of about four miles in which the total 

fall is 140 ft. 

The westerly portion of the watershed may be described as strongly 

rolling to rough, and the easterly portion is gently rolling. The average 

slope of the ground surface is approximately 500 ft per mile. According 

to the soil survey of Johnson County, Iowa, the soil of the watershed is 

Clinton silt loam which is derived by weathering from loess. Approxi -

mately 40 percent of the area is under cultivation, 40 percent is in pasture, 

and 20 percent is in timber, brush, and orchard. A very sma11 portion 

is urbanized, but this is expected to increase dramatically in the coming 

years. The pattern of cultivation has not varied seriously during the , 

period of record. A high percentage of the pasture and woodland has 

contributed to a fairly constant land use due to the rough topography along 

the southern part of the water shed. In fact, the variation in typical crops 

has proved so small that only infrequent field surveys have been required. 

Both the topography and the cover have remained remarkably constant for 

a third of a century. The likelihood of substantial urbanization in the near 

future indicates the end of this situation, though only the rougher portion 

• 
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of the area will probably be effected. Urbanization is expected to pro

ceed from west to east, primarily in the form of housing developments 

and supportive goods and services industries. It is this promise of rap

idly increased urbanization that is of particular interest. 

Houri,, Precipitation Th.ta Sources 

1"he hourly precipitation data utilized in the model were obtained 

from the original gage charts and published data derived from these 

charts. Standard weigl1ing-type recording precipitation gages and non

recording gages have been in use on the Ralston Creek North Branch 

watershed since 1924. During the period from June 8, 1924 through 

Decen1ber 20, 1940, a single recording gage and from 5 to 7 nonrecord

ing gages were in use. This period of record was not included in the 

data set for two reasot.s. First, the record from the single recording 

gage v,as incomplete in numerous places, and second, later records re

quire the weighted combination of 5 gages and would therefore result in 

a nonhomogeneous set of data if both periods were combined. 

From December 21, 1940 through December 31, 1973, 5 recording 

gages were in operation on the North Branch watershed. From this 

period, 33 years of continuous hourly precipitation record was assembled 

for use in constructing the precipitation model. To provide an even 33 

years of record, the data set began on January 1, 1941. The data were 

taken from the following publications with the original gage charts pro

viding additional references as required: 
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(1) "Dally and Hourly Precipitation Hydrologlc Network, Region 4: 

Upper Mississippi'', published monthly by the U. s. Department of Agri

culture Weather Bureau, compiled at the Weather Bureau Hydrologlc 

Office, Iowa City, Iowa. (period: Dec. 21, 1940 through Dec. 31, 1945). 

Note: Beginning in May, 1941, the publication was compiled at the 

Weather Bureau Office Hydrologlc Unit, Kansas City, Mo. Also, the 

above publication is the forerunner of the next publication, "Hydrologic 

Bulletin", compiled at the same location. 

( 2) "Hydrologic Bulletin, Hourly and Daily Precipitation, Upper Missis

sippi District", compiled at the Weather Bureau Office, Kansas City, 

Missouri, published monthly, (period: Jan. 1, 1946 through Jul. 31, 

1948). Note: This publication ls an extension of the publication immedi

ately above. 

(3) "Climatological Ihta - Iowa", U. S. Department of Commerce, 

Weather Bureau, Washington, D. c., published monthly, (period: Aug. 

1, 1948 through Sept. 30, 1951). 

(4) "Hourly Precipitation Data - Iowa", U .. S. Department of Commerce, 

National Oceanic and Atmospheric Adminlstratlon, Environmental Data 

Service, Asheville, N. C., published monthly, (period: Oct. 1, 1951 

through Dec. 31, 1973). 

Transfer of Published Precipitation Records to Computer Card Format 

Utilizing the publications listed above, a continuous hourly precipi

tation record of 33 years length (Jan. 1, 1941 through Dec. 31, 1973), 

for each of 5 gages, was transferred to 80 column computer card coding 

forms. At this time, any errors encountered were corrected. Next, 
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standard 80 column length computer cards were punched from these forms, 

with the data exhibiting the following characteristics: 

(1) The entire data set, 33 years in length, consisted of hourly precipi

tation records resulting from 5 weighing-bucket recording gages, all 

within the Ralston Creek North Branch watershed. 

( 2) Throughout the 33 year history, four different location configurations 

resulted due to changes in gage location. In order to pinpoint the differ

ent locations in time, a coding system was devised consisting of the 10 

single integer digits, 1, 2, .••••• 9, 0. These numbers denote the 10 

gage locations occurring since the first installation in 1924. The corre

sponding map locations for the 10 map codes. are shown on Figure A.1. 

Column 80 on the computer cards was set aside for the map location 

code. 

( 3) Five cards, one for each recording gage, were required for each 

wet-day record. A wet-day was defined as at least one hour of nonzero 

rainfall on one or more of the five gages in one calendar day. Each 

card lists the date and gage number in columns 73 through 79; columns 

73-74 for the day, 75-76 for the month, and 77-78 for the year. Column 

79 was reserved for the gage number, always 1 through 5. By referring 

to Table A.1, and Figure A.1, the gage locations can be determined at 

any given time within the 33 year period. 

( 4) The hourly precipitation record was recorded in columns 1 through 

72, allowing 3 columns per hour, beginning with the 12 midnight to 1 

a. m. hour in columns 1 through 3. The data was recorded in inches, 

as published, and in integer form permitting the recording of a maximum 



of 8. 87 inches as 887 in the 3 column width allowed. The value 999, as 

well as 888, was set aside for signaling purposes as explained below. 

(5) Throughout the historical record, numerous cases of missing or 

"bad" data were encountered, necessitating some form of coding to sig

nal the location of this problem. The number 999 was chosen to denote: 

"nonzero precipitation exsists, but is unknown for this hour". Therefore, 

if one or more of the five gages was not operating during a given storm 

period, a string of 9' s would be substituted during the hours rainfall was 

known, or thought to have occurred. The number 888 was set aside for 

those few cases where the record of a complete day was missing and 

absolutely no information was available to estimate the intensity or distri

bution of the precipitation. In this case three 8' s were entered at the 

beginning and end of the day's record, with the rest remaining blank. 

( 6) Often the total precipitation accumulation of a storm was known, 

but its distribution was not known. In this case the total precipitation 

accumulation was entered, preceded immediately by one or more hours 

of code 999. Total stcrm accumulations were not carried over from one 

day to the next, thus necessitating the splitting of the total precipitation 

accumulation for a storm occurring on two or more calendar days. 

Therefore, within a given day the total storm accumulation was placed 

in the final hour of the storm, or weighted and ""split between two consec

utive days with the total accumulation for the first day placed in the last 

hour of the day and the remaining portion at the end of the storm on the 

following day. This allowed (by machine computation) the distribution of 

the rainfall accumulatlon over all 999 coded hours, including the hour 
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containing the total amount. The distribution of the total accumulation 

takes place over all preceding 999 coded hours within that day until a 

nonzero hour or the first hour of the day is reached. Therefore, the 

distribution could also take place over slack, zero rainfall periods within 

the storm without the necessity of using the 999 code. The most impor

tant requirement is that the hour immediately preceding the total must be 

a 999 hour, zero not being allowed since the total accumulation would 

then be incorrectly interpreted as a one hour accumulation. 
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(7) Unlike the 999 code, the 888 code was not considered a program 

code requiring special computations. This code was used only as a signal 

that data was completely missing. That is, . all five gages were not oper-

ating. 

Treat1nent of Incorrect or Missing Data 

As already mentioned, incorrect or missing data was encountered 

during the transfer of published data to computer card form. This 

necessitated the coding process already explained. These lapses in data 

were handled as follows: 

(1) In the process of copying the data onto the coding forms, any obvi

ous faults in the data, or short lapses, were corrected or filled by eye 

where easy to do so without chance of significant error. Therefore, 

some cases of missing data calling for the 999 code were filled immedi

ately by estimate, based on data from the remaining gages in operation. 

The magnitude of the missing data problem was significant as all gages 

at one time or another experienced varying degrees of malfunction. 

Fortunately, except for a small handful of cases requiring the 888 code, 

• 



there was always at least one gage operating within the watershed allow

ing a reasonably accurate data-fill. 

(2) The 888 code cases were eliminated by using nearby precipitation 

gages. In all cases the "Morse" and "Oasis" gages located a few miles 

from the water shed provided sufficient data to complete the record. 

The precipitation characteristics were estimated by observing the inten

sity and time distribution of the precipitation at these two gages. 

95 

( 3) Following the manual transfer of data to the coding forms, the data 

was punched onto computer cards as already described. After the cards 

were punched, they were verified using a standard card verifying machine. 

(4) Following card verification, a short computer program was used to 

check for coding and punching errors. The resulting output, including 

the precipitation list, was scanned and corrections made. All runs, in

cluding recorded corrections on the output sheets, were saved for future 

reference. 

Missing Data Fill and Gage Combination Procedures 

In order to facilitate the processing and eventual combining of the 

corrected raw data resulting from the above steps, a computer program 

was constructed to first fill in all missing data based on exsisting data: 

(1) The first function of the computer program was to fill in missing 

data as denoted by the 999 code. The program was designed to read into 

storage one day's data and operate in hourly time increments to fill in 

the missing data. Thus, the fill-in process progressed hour by hour and 

each missing hour of data was estimated based on the data from the re

maining gages in operation. Due to the close proximity of the gages 

• 
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( see Figure A.1 ), any of several weighing schemes could be used to fill 

in any given missing hour with essentially the same results. On occasion, 

storms occurred which hit only one area of the watershed. Therefore, 

a weighing scheme that would give heavy weight to operating gages in 

closest proximity was chosen to give good fill-in properties for "off-cen

ter" storm occurrences. The weighing factor chosen was one which 

varied depending on the inverse square of the distance between the inop

erative gage and each of the remaining gages in operation. For off-cen

ter storms, this gives a high weight to the closest gage. For relatively 

uniform storms, the weighing scheme gives comparable results to any 

linear scheme. Here we let X ij be the distance between the inoperative 

gage, i, and any other operating gage, j. And if Dj is the precipitation 

hourly accumulation of an operating gage, and Di is the precipitation ac

cumulation of the gage to be filled, then the weighing equation can be 

writte11 as follows: 

where 

D _l<::._lD' 
i - F· -::: -2 j 

l J X•. lJ 
, i ;{ j = 1, 2, 3, 4, 5 A.1. 

( 2) If a total storm precipitation accumulation is encountered following 

the last 999 code withi11 the storm period, then an additional routine is 

called to distribute this amount over the preceding 999 coded hours in

cluding the hour on which the total is listed. But before this step is 

completed, the fill-in routine above is performed. Thus, the fill-in 

step gives the desired rainfall distribution, but not necessarily the 
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desired total storm accumulation. In order to determine the hourly 

~ccumulations, the total accumulation is distributed over the same hours 

filled ln previously, without disturbing the relative intensity of one hour 

as compared to another within the same storm event. 

(3) In order to complete the data fill-in procedure, the linear distance 

between gages is required for use in the weighing equation, A.1. These 

are supplied as llnear distance matrices which are symetrical matrices 

relating the map distance in inches between each of the gages as read 

from a large watershec map. Four different matrices are required, one 

for each of the four gage location conflguratlons listed in Table A. l. 

These four matrices are included as Table A. 2. 

(4) After all missing data was filled, the resulting complete 33 year 

data record from each of the five gages was combined into a single rec

ord using the standard Thiessen method. The Thiessen weights for the 

different gage configurations encountered over the 33 year period are pre-

sented in Table A. l. 

(5) The final single record output was presented in printout form and 

The final hourly accumulations were com

Although the original data was to 2 decimal 
recorded on magnetic tape. 

puted to 3 decimal places. 

places, the filling and combining process required the introduction of 3 

decimal places to avoid rainfall loss due to round-off. 

Final Data Presentation 

In planning future statistical studies of the historical record, it was 

determined that it would be more desirable to have a complete 33 calen

dar year data record, including all the dry days. Therefore, the 
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Table A.1. Gage Location Numbers and Thiessen Weights 

Gage No. Location Thiessen Effective 
No.* Wei2ht Date 

1 2 0.211 12/21/40 

2 4 0.259 
3 7 0.216 
4 8 0.213 
5 9 0.101 

1 2 0.230 7/7/45 
2 4 0.142 
3 . 6 0.279 
4 8 0.248 
5 9 0.101 

1 2 0.222 7/1/59 
2 4 0.138 
3 6 0.28'5 
4 8 0.212 
5 0 0.143 

1 2 0.213 7/1/64 
2 3 0.160 
3 6 0.272 
4 8 0.212 
5 0 0.143 

* see Figure A.1. 



Table A. 2. Rain Gage Linear Distance Matrix, 
in Map Inches 

12/21/40 - 7/6/45 

• l Inoperative Gage . 
J 1 2 3 4 5 

1 0 15.15 8.70 8.35 13.05 

G) 2 15.15 0 12.70 18.75 23.55 
bl) 

~ 

~ 3 .... 8.70 12.70 0 6.55 10.95 
~ 
~ 

t 
84 8.35 18.75 6.55 0 5.15 

5 13. 05 23.55 10.95 5.15 0 

7/7/45 - 6/31/59 

• Inoperative Gage l 
• 
J 1 2 3 4 5 

1 0 15.15 10.90 8.35 13.05 

2 15.15 0 7.40 18.75 23.55 
Cl) 
bl) 

~ 
~ 3 10.90 7.40 0 11.85 16.40 ..... 
+> 
ro 
~ 
~ 
04 8.35 18. 75 11.85 0 5.15 

5 13. 05 23.55 16.40 5.15 0 
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Table A. 2 (cont'd) 

7/1/59 - 6/31/64 

• Inoperative Gage l 

j 1 2 3 4 5 

1 0 15.15 10.90 8.35 12.75 

2 15.15 0 7.40 18.75 24.15 
C1) 
b.O 

8 
C1) 3 
> 10.90 7.40 0 11.85 17.10 .... 
~ 
Cd 
M 
C1) 
~ 
0 4 8.35 18.75 11.85 0 5.45 

5 12.75 24.15 17.10 5.45 0 

7/1/64 - 12/31/73 

• Inoperative Gage l 
• 
) 1 2 3 4 5 

1 0 10.40 10.90 8.35 12.75 

2 10.40 0 5.75 15.00 20.45 
C1) 
b.O 

8 
~ 3 10.90 5.75 0 11.85 17.10 .... 
~ 
Cd 
M 
C1) 
~ 
04 8.35 15.00 11.85 0 5.45 

5 12.75 20.45 17.10 5.45 0 
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computer program used to combine the five gage records was also de

signed to output onto magnetic tape the entire 33 year combined record, 

including all days of the year. Card output consisted only of the wet-day 

combined record since this was intended for file purposes and was not 

used in the modhl construction procedures. The following steps outline 

the form and format of these two different outputs: 

(1) A 1200 ft standard magnetic tape was acquired for the total combined 

record output. The computer program was designed to output the precip

itation data in the format, (24F5. 3, 312). Therefore, the logical record 

length was 126, that is, 126 bytes per LRECL, per day. The format, 

24F5. 3, allows 24 hourly accumulations of 3 ·decimal places each for each 

day of record, while the format, 312, provides space for the day, month, 

and year. Block size factor was arbitrarily chosen to be 20. There

fore, each block was 20 x 26 = 2520 bytes long. Using this format, ex

actly 33 years of record (Jan. 1, 1941 through Dec. 31, 1973) was read 

onto the tape as the first data set. The tape file number is SC0398 and 

the data set name assigned was ••WRAIN". 

(2) In order to provide a more permanent record, the wet-day record 

was read from the tape record above, and punched onto cards with the 

format, (12F6. 3,312, lX, '1', / , 12F6. 3, 312, lX, '2'). Thus, 2 cards were 

necessary for each wet-day of record. The first card lists the a. m. 

hours (columns 1-72), and date (day, month, and year in columns 73-78), 

and after skipping column 79, the card number, 1, in column 80. The 

second card has identical format and lists the 12 p. m. hom·s, the data , 

and finally the card number, 2. 
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APPENDIX B 

INTERARRIV AL TIME DISTRIBUTIONS 
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APPENDIX C 

NSSSE AND DURSS HISTOGRAMS 
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Figure D,l, ACCUM Frequency Histogram and Fitted Lognormal Function, Period 1, DURSS Equal 1 
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Figure D. 2, ACCUM Frequency His togram and Fitted Lognormal Function, Period 2, DURSS Equal 1 
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Ftgure D.5. ACCUM Frequency Hlstogram and Fltted Lognormal Functlon, Perlod 5, DURSS Equal 1 
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Figure D. 6, ACCUM Frequency Histogram and Fitted Lognormal Functloo, Perlod 6, DURSS Equal 1 
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Figure D. 7. ACCUM Frequency Histogram and Fitted Lognormal Function, Period 1, DU~ Equal 2 
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Figure D. 8. ACCUM Frequency Histogram and Fitted Lognormal Func tion, Period 2, DURSS Equal 2 
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Figure D. 9. ACCUM Frequency Histogram and Fitted Lognormal Function, Period 3, DUR$ Equal 2 
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Figure D. 10, ACCUM Frequency Histogram and Fitted Lognormal Functlon, Period 4, DUR$ Equal 2 
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Figure D.11. ACCUM Frequency Histogram and Fltted Lognormal Function, Period 5, DURSS Equal 2 
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Figure D.13. ACCUM Frequency Hletogram and Fltted Loguormal Function, Period 1, DURSS Equal 3 
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Flgure D.14, ACCUM Frequency Histogram and Fitted Lognormal Function, Perlod 2, DURSS Equal 3 
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Flgure D.16. ACCUM Frequency Hlstogram and Fltted Lognormal Function, Period 4, DURSS Equal 3 
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Flgure D, 17. ACCUM Frequency Histogram and Fitted Lognormal Functlon, Period 5, DURSS Equal 3 
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Figure D.18, ACCUM Frequency Histogram and Fltted Lognormal Function, Period 6, DURSS Equal 3 
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Flgure D.19. ACCU?.1 Frequency Histogram and Fitted Lognorrnal Functloo, Perlod 1, DURSS Equal 4 
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Figure D. 20. ACCUM Frequency Histogram and Fitted Lognormnl Functloo, Perlod 2, OURSS Equal 4 
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Flgure D, 21. ACCUM Frequency Histogram and Fitted Lognormal Function. Period 3, DURSS Equal 4 
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Figure D. 22, ACCUM Frequency Histogram and Fitted Lognormal Functloo. Period 4, DURSS Equal 4 
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Flgure D. 23. ACCUM Frequency Hlstogram and Fltted Lognormal Functlon, Perlod 5, DURSS Equal 4 
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Figure D. 25. ACCUM Frequency Histogram and Fltted Lognormal Function, Period 1, DURSS Equal 5 
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Figure D. 26. ACCUM Frequency Histogram and Fitted Lognormal Functlon, Period 2, DURSS Equal 5 
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Flgure D. 27. ACCUM Frequency Hlstogram and Fltted Lognormal Func tion, Period 3, DURSS Equal 5 
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Figure D. 29. ACCUM Frequency Histogram and Fitted Lognormal Function, Period 5, DURSS Equal 5 

0 
• ID 

C"I 

0 • 
"' -

Nov-Dec 

DURSS Equal 5 

~+----.,...-==-~~==~~~--------..l=l--.....----
0.0 0.2 0.4 0.6 0.8 I .0 1.2 

ACCUM in Inches 

Figure D. 30. ACCUM Frequency Histogram and Fitted Lognormal Function, Period 6, DURSS Equal 5 
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Figure D. 33. Lognormal Denslty Functions, DURSS Equal 1 Through 14, Period 3 
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Figure D. 34. Lognormal Density Functions, DURSS Equai 1 'Through 14, Period 4 
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Figure D. 35. Lognormal Density Functlons, DUR~ Equal 1 Through 14, Period 5 
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Table D.1. Storm Segment Shape Catalog of Mean Normalized 
Hyetographs, DURSS = 2 

Period 
of Year 

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 

PKHR, 
in Hours 

1 
1 , 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 , 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 
1 
1 
1 
2 
2 
2 

Accumulation 
Limit, 

in Inches 
0.055 
o. 111 
o. 166 
0.065 
0.)30 
0.195 
0.238 
0.476 
0.714 
0.204 
0.409 
0.613 
o. 310 
0.620 
0.930 
0.229 
o.~5a 
0.687 
0.550 
1. 099 
1.649 
0.286 
0.572 
0,858 
0.503 
1. 005 
1. 508 
0.344 
0.689 
1.033 
o.,a2 
0.365 
0.547 
0.161 
0.321 
0.482 

Normalized 
Hyetograph 

Shape 
0.67536 0.32462 
0.66565 0.33435 
0.68863 0.31137 
0.32362 0.67637 
0.30753 0.69247 
0.27692 0.72308 
0.69953 0.30046 
0.78637 0.21363 
0.80952 0.19048 
0.24566 0.75434 
0.44151 0.55849 
0.30343 0.69657 
0.12129 o.i1a10 
o. 76693 0 .23307 
0.72030 0.27970 
0.2051a 0.11402 
0.19037 0.80963 
0.18376 0.81624 
0.1310s o.26894 
0.88263 0.11737 
0.90397 0.09603 
0.27381 0.72618 
0.25767 0.74233 
0. 17 511 0. 82 4 8 9 
0.72068 0.27930 
0.88197 0.11803 
0.65650 0.34350 
0.28665 0.71334 
0.32489 0.67511 
0.23684 0.76316 
0.67608 0.32391 
0.75070 0.24930 
0.71515 0.28485 
0.32881 0.67119 
0.32738 0.67262 
0.24481 0.75519 
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Table D.2. Storm Segment Shape Catalog of Atean Normalized 
Hyetographs, DURSS = 3 

J:>erlod PKHR, AccumUJation Normalized 
of Year ln Hours Limit, Hyetograph 

lo Inches Shape 
1 1 0.169 o.s2286 0.30737 o. 16977 
1 1 0.338 o. 53178 0.35507 0.11315 , , 0.507 0.71821 0.19701 0.08477 , 2 0.177 0.24056 0.52782 0.23161 , 2 0.353 0.23137 0.50307 0.26555 
1 2 o.s3o o.q2c11 0.52261 0.05661 , 3 0.049 0.19429 0.27489 o. 53082 , 3 0.098 0.15394 0.36131 0.48474 , 3 0.147 0.19048 0.37415 0.43537 • 
2 , 0.336 o. 55458 0.30599 0.13942 . I 

2 1 0.672 0.76671 0.19762 0.03568 
2 , 1.ooe 0.52778 0.46429 0.00794 
2 2 0.232 0.20948 0.58758 o. 20293 
2 2 o. 464 0.18170 0.58725 0.23106 
2 2 0.696 0.20055 0.65542 o. 1440 3 
2 3 o.1ci4 0.17846 0.32259 0.49895 
2 3 o. 289 0.12363 0.33973 0.53664 
2 3 0.433 0. 00693 0.39261 o. 60046 
3 1 0.322 0.64548 0.24451 0.1,000 
3 1 0.644 0.69792 0.22773 0.07434 
3 1 0.966 o.76135 0.1 9 131 0.04734 
3 2 0.660 0.18639 0.64355 0.17005 
3 2 1. 319 o.19823 0.65787 o. 14 390 
3 2 1.979 0.15109 0.82317 0.02573 
3 3 0.)80 0.12522 0.30265 0.51212 
3 3 0.760 0.11509 0.12276 0.76215 
3 3 1.140 0.08341 0.16343 0.75316 
4 1 0.329 0.64182 0.26130 0.09687 
4 1 0.659 0.67205 0.28367 0.04428 
4 1 0.988 o.76942 0.17642 0.05416 
4 2 o.589 0.19374 0.64787 0.15837 
4 2 1.111 0.13762 0.78431 0.01001 

• 2 1.166 0.25460 0.61504 0.13036 
It 3 0.216 0.08292 0.30576 0.61131 
4 3 O.lf31 0.01230 0.11066 o. 87705 

• 3 0.§47 0.02782 0.06646 0.90572 
5 1 0.296 0.62095 0.26535 0.11370 
5 1 o. 591 0.63940 0.29487 o. 06574 
5 1 0.887 0.78254 0.19406 0.02340 
5 2 0.314 0.20100 0.61631 0.18259 
5 2 0.748 0.19324 0.66896 0.13780 
5 i 1. 122 0.29655 0.53384 0.16961 
5 3 0.090 0.15744 0.30826 o. 53430 
5 3 0.181 0.03957 0.19849 0.76194 
5 3 o. 271 0.05860 0.36762 0.57376 
6 , 0.198 0.55565 0.29181 0.15253 
6 1 0.397 0.58030 0.32376 0.09594 
6 1 0.595 0. 8413 S 0.13504 0.02361 
6 2 o. 208 0.24238 0.53756 o. 2200 5 
6 2 0.'117 o. 19320 0.53231 0.27449 
6 2 0.625 0.24507 0.59547 o. 15946 
6 3 0.137 0.15332 0.29891 0.54777 
6 3 0.274 0.12363 0.33973 0.53664 
6 3 O, 9 l l 0,00130 0.24331 0,74939 

' 
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Table D.3. Storn\ Segment Shapa Cut:llog of Moan Normalized 
Hyetogr:>.ph~, DltRSS: 4 

Perlo l'Klffi, Accumu atlon Nor 
f Yenr In Hours Llmlt, Hyetograph 

OS 

• • , 1 0.4125 0.49091 0.34182 0.13091 o. 03 636 
1 1 o.~31 o.~0392 0 I 191 ~.2 Q, ]915:Z Q.]]JQJ , 2 0.4641 o.19367 0.45578 0.24240 o. 108 14 , 2 o. 928 0. 11 663 0.50805 0.24879 0.12652 
1 2 1. 392 0.01006 0.91092 0.05819 o. 02083 , 3 o. 112 0.10367 0.22614 o. 4651 J 0.20506 
1 3 0.224 0.13625 0.23204 0.40472 0.22699 
1 3 0.336 0.10344 0.21872 0.42682 0.25102 
1 4 0.016 0.12143 0.17143 o. 24285 0.46428 
1 4 0.032 0.10049 0.14216 0.31372 0.44363 
1 4 0.048 0.10442 0.16925 0.31590 0.41043 
2 1 0.285 o. 50029 0.27194 0.114523 0.08254 
2 , 0.571 0.54663 0.30645 o. 10852 o. 03841 
2 1 o.~s6 0.§1916 0 .26519 0.08528 0.03031 
2 2 0.21a 0.17424 0.48577 o. 24 764 o. 09 234 
2 2 0.555 0.21902 0.47887 0.24542 0.05669 
2 2 0.833 0.06533 0.62699 0.27571 0.03196 
2 3 o. 206 0.10995 0.24548 0. 47759 0.16697 
2 3 0.411 0.07348 0.22084 o. 57 242 o. 13325 
2 3 0.617 0.07603 0.23451 0.57913 o. 11034 
2 4 0.037 0.20000 0.20000 o. 20000 0.40000 
2 4 o. 071l 0.03644 0.19309 o.3104 2 o. 46003 
2 4 0.111 0.15350 0.20800 0,30601 0.33249 
3 1 0.413 0.54939 0.26662 0.12140 0.06258 
3 1 0.826 0.63295 0.27887 o. 07630 0.01188 
3 1 1. 239 0.52984 0.332 75 0.11236 o. 02505 
3 2 o. 889 0.16024 0.56493 0.21434 0.06048 
3 2 1.777 0.13944 o.74790 0.10660 0.00606 
3 2 2.§66 0.09415 0.51313 o. 28245 0.11028 
3 3 o. 403 0.07583 0.24659 0.55584 0.12173 
3 3 0.807 o.04669 0.18214 0.62322 0.14795 
3 3 ,.210 o.04739 0.29903 0.49861 0.15497 
3 4 0.278 0.14719 0,16234 0,28355 0.40693 
3 4 0.557 0.04427 0.13542 0,35937 o. 46094 
3 4 0,835 0.00359 0.08024 0.25269 0.66347 
4 , 0.461 0.60193 0.27205 o. 08802 0.03800 
4 1 0.923 0.61435 0.29947 0.06396 0.02222 
4 1 ,. 38 4 0.63542 0.28365 0. 07 370 0.00723 
4 2 1.oq2 0.18446 0.57220 o. 19720 0.04615 
4 2 2.oes 0.14175 0.68711 0.14698 0.02416 
4 2 3. 127 0.10028 0.67466 0,22136 0.00369 
4 i o.735 0. 06821 0.21214 0.56583 0.15382 
4 1.469 0.00357 0.05805 0.87233 0.06603 
4 3 2. ~04 0.23730 0.28584 o. 45009 0.02677 
4 4 0.315 0.01847 0 .04600 o. 10378 0.83174 
4 4 0.750 0.09489 0.09854 0.370114 0.43613 
4 4 1.12s o.06844 0.14578 0.29600 0.48978 
5 , 0.618 o.54598 0.27690 0.12335 0.05377 
5 , ,. i31 o. 64839 0.2676 7 0.05916 0.02477 
5 , 1.855 0.63342 0.28949 0.07655 0.00054 
5 2 0.637 0.19227 o.50100 0.22444 0.08227 
5 2 1. 27Q 0.14555 0.59737 0.21639 0.04069 
s 2 ,. 911 0.21191 0.67711 o. 10914 0.00182 
5 3 0.472 0.09090 0.22005 0.50290 0.18613 
s 3 0.9(fJ 0.09158 0.18240 0.48019 o. 211583 
s 3 ,. 415 0.07250 0.20989 o. 59178 0.12582 
s Q o.o o.o o.o o.o o.o 
s 4 o.o o.o o.o o.o o.o 
5 4 o.o o.o o.o o.o o.o 
6 1 o. 269 0.46435 0.28256 0.16755 o. 08553 
6 1 0.539 0.62139 0.27246 0.08810 0.01804 
6 1 0.808 0.37129 0.309111 0.25124 0 . 06807 
6 2 0.311 0.20184 0.1154-91 0,22162 0.12163 
6 2 0.623 0.11663 o.50805 o.24879 0.12652 
6 j 0.934 0.19800 0.58592 0 .1 8494 0.03114 
6 0.610 0.11586 0.22230 ·o.46sso 0.19633 
6 3 1.221 o.14q21 0.23519 o.J1e01 o.211166 
6 3 1. 831 0.03004 0.38667 0.58165 0.00164 
6 " 0.012 o.12f43 o.11f43-0~24285 0.46428 
6 4 0.023 0.06667 0.06667 0.20000 0.66667 
§ 4 O!Q35 o.05714 0.17143 o.37143 0.40000 



Tnble D. 4. Storm Segment Shape Cntllog or Monn Normulli.ed Hyotographs , DURSS = 5 

-Period- Pkttn, Accumulation - Normnll1.od 

or Y~u- In llow·s Limit. Hyotograph 
In lnchos Shape 

, 1 0.145 o.Jso68 o.28467 o.15478 0.10434 0.01553 
1 1 0.291 0.4 8819 0.232 28 0. 20 079 0.05 512 0.02362 
1 ~1 __ -1<-0Lt~4~36~ __ 0.3)109 0.292 56 0.22381 0.08871 0.06J8i 
1 2 0.139 0.17311 0.37169 0.23310 0.1 5893 0.06256 
1 2 0.211 0.12034 o.39948 0.27924 0.13102 0.06191 
1 .,_2 __ __:0c.,:.o-'4c...:1..:6 _ _ ___:0:.:,o:...;1:.::3~8c...:::9..:0_.::;.0.,,_. 4~5 5 8_2_ ~~ 1 2 8 0 • 1 2 _8 6 9 Q L Q 8.2_~ 
, 3 0.168 0.00629 0.22012 o.42392 0.17932 0.00915 
1 3 0.337 0.08346 0.16309 0.39669 0.25896 0.09779 
1 3 0.505 0.09738 0.21495 0.36121 0.25796 0.06849 
, ,!.4 __ __,,,o~.--"2~0.:;.9 __ __,o,._..~0~6'-,'8-"'4"""'0____',!.o.,,_. :::...134 0T 0:-i 1 "2 1 o. 4 o 261 o • 1 "Im 
1 4 0.417 0.15479 0.20539 0.21211 0.28255 0.14515 
1 4 0.626 0.00479 0.07668 0.20607 0.40895 0.30351 
1 5 o.o o.o o.o o.o o.o o.o 
1 5 o.o o.o o.o o.o o.o o.o 
1 5 o.o o.o o.o o.o o.o o.o 
2 1 0.214 0.39737 0.26774 0.15913 0.10191 0.07385 
2 1 o.428 o.38958 o.33990 o.14838 o.06423 0.05790 
2 1 0.642 0.30841 0.28193 0.21184 0.12305 0.01477 
2 2 0.526 0.16233 0.41888 0.23275 0.12601 0.06004 
2 2 1.052 0.09842 0.52789 0.27845 0.08405 0.01120 
2 2 1.578 0.2 2940 0.45501 0.17681 0.11153 0.02725 
2 -!'-3-------:,o"-. ~4 ..;..,1 ,=---~o -=-'. o;..;1;.;3,...;1;.,;o:.......;.0-"-• .;.2 o:;..:0;...:s=""'5,_6. 4 2 90 o o. 20 8 8 2 o. o eo 53 
2 3 0.835 0.05897 0.20142 0.46404 0.24557 0.03001 
2 3 1.252 0.01340 0.22386 0.651l29 0.08749 0,02095 
2 , 0.160 0.01133 0.15086 0.23069 o.38501 0.16210 
2 4 0.320 0.02302 0.09046 0.18967 0.41l146 0.25538 
2 , 0.480 0.03595 0.16664 0.27641 0.41784 0.10316 
2 5 o.o o.o o.o o.o o.o o.o 
2 5 o.o o.o o.o o.o o.o o.o 
2 s o.o~- o.o o.o o.o o.o o.o 
3 1 0-;350 0~5958S - <f:22902- 0.11!6f--o:-o-zrng O. 02024 
3 1 0.101 0.02001 0.13677 0.02621 0.01243 0.00450 
3 1 1.051 o . 56996 0.22232 0.10011 o.0053q 0.02161 
3 2 o.ll91 0.14758 o.46361 0.25176 0.10242 o.03462 
3 2 0.982 0.15696 0.54013 0.20785 0.07651 0.01851l 
3 2 1.473 0.18267 0.58601 0.17196 0.03892 0.02045 
3 3 o.326 o.06465 0.19728 o.48504 0.19001 0.06222 
3 3 0.652 0.06619 0.171l85 O.ll6825 0.22975 0.06097 
3 3 0.978 0.03553 0.19168 0.57351l 0.13475 0.06450 
3 4 o.442 o.06266 0.10889 0.22300 o.43582 o.16963 
3 , o.aa5 o.06183 o.141l08 o.3q435 o.37073 0.01901 
3 4 1.327 0.01111 0.05381 0.25773 0.63948 0.03186 
3 5 0.365 0.06266 0.10889 0.16963 0.22300 0.43582 
3 s o.731 0.06183 0.01901 o.14408 o.31l43S o.37073 
3 s 1.096 0.00182 0.00547 0.00130 o.38139 0.60401 
4 1 0.338 0.46049 0.33699 0.14212 0.04426 0.01614 
Q 1 0.675 0.52019 0.28936 0.15161 0.03386 0.00497 
, 1 1.013 o.52912 o.41066 0.05232 o.oos92 0.00191 
Q 2 0.463 0.14667 0.50714 0.23943 0.08255 0.02421 
4 2 0.926 0.10390 0.54619 0.24706 0.081l40 0.01845 
4 ~2 __ __,1~·~3~8~9 __ __,0~·~1~5753 o.5351lO 0.21306 o.06722 o.0261l9 
4 3 0.903 0.08413 0.22499 O.ll61l90 0.17287 0.05311 
4 3 1.001 0.00045 0.10566 o.55417 o.26490 0.06681 
4 3 2.110 0.00406 0.24834 0. 56125 0.18450 0.00185 
, 4 o.e11 o.03q3q o. 09203 o.24951 o.49583 0.12150 
4 4 1.754 0.01111 0.07778 0.09333 0.42222 0.39556 
4 Q 2.631 0.06050 0.08900 0.25990 0.44140 0.14918 
4 S o.o o.o o.o o.o o.o o.o 
4 5 o.o o.o o.o o.o o.o o.o 
4 S o.o o.o o.o o.o o.o o.o 
5 1 0.239 0.50022 0.25157 0.14662 0,07045 0.03114 
5 1 0.479 0.25325 0.25325 0.23701 0.19481 0.06169 
S 1 0.718 0.42274 0.28004 0.16811l 0.08543 0.04361l 
S 2 0.680 0.15653 O.ll6570 0.23 143 0.09482 0.05152 
5 2 1.360 0.19494 O.ll8815 0.24521 0.06418 0.00752 
s ~2 __ ~2~.-"'0~4~0 __ _:,0~-~1~2-"'o~e~e_o~·~5~6~8~"~6'-o.221q2 o.os016 0.03101 
s 3 o.318 o.08852 o.23029 0.43462 0.11495 0.01111 
s 3 o.636 0.03002 o.119q9 o.so393 0.21514 o.011q3 
S 3 0.954 0.01283 0.17723 0.4257 3 0.26854 0.11567 
s :::.4----'=o-=-.-=3-=3""'3•-----'io=-=.-=o 5 o 2 o o • 13 11 6 o. 2 3 11100.39 o 5 4 o • , 9 4 o o 
s 4 o.667 o.03665 o.06477 0.22211 o.51955 0 . 15693 
S 4~--~1~.0~0~0e.-__ O~•~Q2000 0.16500 O~fll200 0.31400 0.25900 
s s o.o o.o o.o o.o o.o o.o 
5 S o.o o.o o.o o.o o.o o.o 
~s __ ~s:..-_-~o~.o;..,,...-=-----=o~. :o_~-c--,--~o~.~o~ o.o o.o __ o.o 
6 1 0.010 o.48563 o.23630 o. f 3363 0.-00181 0-: 06 262 
6 1 0.157 0.45572 0.208113 0.17 06 8 0.10699 0.05818 
6 ~1 __ --"-0~·=23~5=--__ 0~-~42312 0.21l131l 0.1 880 7 0.12180 0.02566 
6 2 0.338 0.1 5 175 0.37015 0.26618 0.12 8 611 O.C8326 
6 2 0.677 0.20001 0.46950 0.199118 0.07297 0.05002 
6 2 1.015 0.14778 0.43842 0. 33399 0.06108 0.01872 
6 =-3 __ _,.;..o~. :;..311"-'2:..----=o.0921 5- o~f 1010 o. 3111111 --0-:2, 566 0.10661 
6 3 0.683 0.0 5591 0.14537 0.119 37 2 0.24078 0.06421 
6 3 1.025 0.00195 0.01951 0.6361 0 0.26634 0.07610 
6 4 o. 196 o :0151q- o:f3089 o. ;;!2 1of o :-39544 -0.-1111411 
6 4 0.393 0.078119 0.12657 0.21678 0,39811 0.16005 
6 !,_ ___ o---a.9,:_ __ O,QII09]_ 9, 18 50} o._t0 59) __ 0,4IIOQ9 __ o .. 1~]99 
6 5 o.o o.o o.o o. o o.o o.o 
6 5 o.o o.o o.o o.o o.o o.o 
._6 _ _ ...:,:;5 ___ 0,,_&.;. O,.__ _ _ -.:0_t-2, __ 2.i_o 'L Q __ _Q_. 0 M -



136 

Table D. 5. Storm Segment Shape Catalog of Mean Normalized Hyetographs, DURSS = 6 

Period PKHR, Normalized 
of Year in Hours Hyetograph Shape 

Hour-1 2 3 4 5 6 
1 1 0.43379 0.22268 0.14016 0. 11530 0. 06 87 6 0.01930 
1 2 0.16752 o. 39907 0.24863 0.11143 0.04343 o. 02992 
1 3 0.13080 o. 21554 o. 36 061 0.15464 0.09030 0.04811 
1 4 0.05422 o. 14085 0.21516 0.35589 o. 17212 0.06176 , 5 0.02228 0.08208 0.16872 0.21234 0.32229 o. 19229 
2 1 0.34550 0.27185 0.21414 0.10491 o. 04503 0.01851 
2 2 0.13743 0.43148 o. 23 907 0.10401 0.06317 0.02485 
2 3 0.07256 0.22210 0.39864 0.18091 0.08121 0.04458 
2 4 0.04222 0.09366 0.22468 0.39019 0.18683 0.06242 
2 5 0.06166 0.09134 0.12833 o. 20758 o. 37 379 o. 13730 
3 1 0.49195 0.31293 0.13341 0.03262 0.01822 o.01087 
3 2 o. 18178 o. 44725 0.22264 0.10035 0.03832 0.00967 
3 3 0.04176 0.16806 0. 43S54 0.28453 0.05714 0.01297 
3 4 0.03296 O.Q7822 o. 20530 0.39622 0.23256 o.05q74 
3 5 o. 01121 o. 02504 0.10889 0.29889 0.44787 0.10810 
4 1 0.57242 0.24089 o. 07940 0.04876 0.03178 o. 02675 
4 2 o. 17 539 o. 44261 0.23367 0.10220 0.03703 0.00910 
4 3 0.05490 0.25118 o.49801 0.12754 0.05179 o.016se 
4 4 0.01184 0.03835 0.19696 0. 4 8 0 2 2 0 • 20 712 0.06551 
4 5 0.03099 0.08163 0.10829 0.18880 0.46826 0.12205 
5 1 0.43876 0.27691 0.16089 0.06784 0.04399 0.01161 
5 2 0.13795 0.44104 0.20944 0. 13 7 41 0. 06 4 9 2 0.00922 
5 3 0.09121 0.17662 o. 43585 0.19069 o.Q7481 o. 0 3083 
5 4 0.04723 0.11166 0.20205 0.38143 0.17870 0.07894 
5 5 0.03'116 0.05186 c.10001 0.15171 0.50958 0.14668 
6 1 0.36628 0.32940 O. 1S507 0.07184 0.04391 0.03349 
6 2 0.12253 0.38336 0.20744 0.15960 0.10215 o. 02491 
6 3 0.04983 0.16241 0.38738 0.25321 0.11428 0.03288 
6 4 0.05199 0.11545 0.23278 0.33817 0.18122 o. 0 8039 
6 s 0.02563 0.03814 0.07104 0.18443 0.41301 0.26774 



3 7---------. 

Table D. 6. Storm Segment Shape Catalog of Mean Normallzed Hyetographs. DURSS = 7 

Period PKHR, Normalized 
of Year ln Hours Hyetograph Shape 

Hour-1 2 3 4 5 6 7 
1 1 0.33721 0.31395 o. 2093 0 0.03488 o. 03488 0.03488 o. 03488 
1 2 0.14851 0.34970 o. 17838 0.13223 0.09031 o.01q14 0.02673 
1 3 0.08074 0.16883 0.31134 0.22816 0.11541 0.06005 0.03548 
1 4 o. 05439 o. 09 597 0. 19744 0.30768 o. 17820 O. 11E64 0.04970 
1 5 0.04951 0.06942 o. 13 034 o. 22840 0.33977 o. 1 3987 0.04268 
1 6 0.07794 0.10779 0.10779 0.14510 0.17288 o. 26679 0.12168 • 
2 1 o.i9202 o. 2154 7 0.17127 0.12707 0.11602 0.07182 0.00552 
2 2 0.18490 0.36617 0.20168 0.13220 0.07806 0.02325 0.01374 
2 3 0.04212 0.16909 0.49855 0.18979 0.05528 0.03168 0.01349 
2 4 0.02650 0.07714 0.21260 o. 37375 0.16370 O. 11 l 50 0.03382 
2 5 0.01116 0.04106 0.07850 0.15092 0.43001 0.20620 0.08214 
2 6 0.02204 0.03853 0.11995 0.14931 0.19166 0.35209 o. 12 643 
3 1 o.o o. 0 o.o o.o o.o o.o o.o 
3 2 o.~5249 0.49188 0.22296 0.05186 0.04023 0.02742 0.01315 
3 3 0.02331 0.10330 0.53276 0.20761 o. 09527 0.03073 0.00702 
3 4 0.04726 0.08343 o. 17227 o. 30861 0.23086 0.09995 0.05762 
3 5 0.02683 0.10703 0.15503 0.23298 0.34492 0.09920 0.03401 
3 6 o. 04 289 0.11539 0.13905 0. 14268 o. 20515 0.29046 0.06436 
4 1 0.51163 0.25000 0.08140 o. 06977 0.04651 0.02907 0.01163 

" 2 o.o o.o o.o o.o o.o o.o o.o 
4 3 0.02511 0.15990 o. 45543 0.20619 0.11430 0.02828 0.01078 
q 4 0.03802 0.09717 o. 24846 0.33364 0.18376 0.07499 0.02395 
4 5 o.o o.o o.o o.o o.o o.o o.o 
4 6 0.02355 o.06201 0.06201 0.07642 0.22054 0.32384 0.23160 
5 1 o.33131 o. ~7 509 o. 14706 0.10900 0.07612 0.04325 0.01211 
5 2 0.14424 0.36685 0.23733 o. 09465 0. 08490 0.05053 0.02149 
5 3 0.06915 0.20116 0.3452 6 0.17869 0.13780 0.03521 0.02665 
s 4 0.03442 o. 09 940 0.17296 0. 37943 0.19226 o.oe102 0.03451 
5 s 0.06676 0.08578 0.12673 0. 20227 0.34634 0.15095 0.02116 
5 6 0.01715 0.04287 o. 05788 0.24652 o. 29904 0.33119 0.00536 
6 1 0.23631 o. 1882 3 0.14ti72 0. 12663 0.10739 0.10739 0.08930 
6 2 0.09143 o. 44 221 o. 21960 0.10647 0. 06676 0.04632 0.02722 
6 3 0.13275 0.18298 0. 26 937 0.17002 0.11614 0.07835 0.05039 
6 4 . 0.02981 0.11215 0.20141 o. 32919 o. 16744 0.11442 0.04558 
6 5 0.03270 0.05252 0.09387 0.19234 o. 29583 0.23258 0.10015 
6 6 0 1 Q5278 O.Q5363 o.Q6327 0112004 0.20758 0137791 0.12478 



Table D. 7. Storm Segment Shape Catalog of Mean Normalized Hyetographs, DURSS = 8 

Period 
of Year 

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
fl 
4 .. 
• 
' 5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 

PKHR, 
in Hours 

2 
3 
Q 

5 
6 
7 
2 
3 
fl 
5 
6 
7 
2 
3 
4 
5 
6 
7 
2 
3 
Q 

5 
6 
7 
2 
3 
4 
5 
6 
7 
2 
3 
fl 
5 
6 
7 

Hour-1 2 
o. 11382 0.25203 
0.05563 0.16119 
0.04287 0.06150 
0.03604 0.05405 
0.03333 0.06667 
0.03333 0.06667 
0.14025 0.28869 
O.Q3158 0.19751 
0.02950 0.07375 
0.11291 o. 12234 
0.02873 0.06315 
0.05128 0.05128 
0.18622 0.45598 
0.03646 0.12190 
0.01321 0.06078 
0.00974 0.08865 
0.01324 0.06823 
0.01324 0.03564 
0.31311 0.34098 
0.14105 0.28607 
0.00990 0.08581 
0.00971 0.07153 
0.00302 0.00302 
0,00902 0.01302 
o. 12403 o. 37870 
0.03583 0.12403 
0.04333 0.08799 
o. 01556 o. 03025 
0.00209 0.05950 
0.01209 0.04532 
0.12832 0.28540 
0.06404 0.21549 
0.01114 0.09453 
0.02226 0.05703 
o. 01088 o. 01579 
0,00704 0,02113 

Normalized 
Hyetograph Shape 

3 4 5 6 7 
0.19512 0.19512 o. 09756 0.09156 o. 0 4065 
o. 29713 0.19793 0.13967 0.08259 0.04441 
0.11ll99 0.28822 0.25986 o. 13973 0.06238 
0.12613 0.20721 0.33333 o. 15315 o. 07207 
0.10000 0.16667 o. 20000 o. 23333 0.16667 
0.10000 0.13667 0. 15667 0.20000 0.22333 
0.21796 0.12039 0.09288 0.05483 0.04777 
0.35926 0.20180 0.10765 0.07259 0.02080 
0.21513 0.34075 ·O. 21963 0.07787 0.03208 
0.16229 o. 17010 o. 23275 0.09787 o. 0633 8 
0.09739 0.13951 o. 22499 0.30235 0.09795 
0.05128 0.05128 0.05128 o.07692 0. 41026 
0.16707 0.10284 0.05900 0.01456 0.00856 
0.42439 0.22780 0.08088 0.05612 0.03248 
0.19187 0.38242 o. 20194 0.10692 0.03734 
o. 12264 o. 17582 o. 27817 0.19291 0.09688 
0.10591 0.21181 0.24236 0.26884 0.05397 
0.06823 o. 10591 o. 21181 0.24236 0.26884 
0.10984 0.07705 0.07705 0.06066 0.01148 
0.40342 0.11843 0.01892 o. 01531 0.01378 
0.23432 0.30363 o. 16832 0.09241 0.07591 
0.14400 0.29082 0.39599 0.07860 0.00702 
0. 00906 0.10272 o. 41390 0.43202 0.03323 
0.01906 o. 10272 o. 14 000 o.i9ooo 0.41202 
0 .18963 0.13701 0.07858 0.04217 0.03583 
0.37870 0.18963 0.13701 0.07858 0.04217 
0.16813 0.31011 0.15792 o. 13271 0.07263 
0.15557 0.22988 0.38090 0.13912 o. 03081 
0.09290 0.10021 o. 14614 0.39979 0.14405 
o. 05950 o. 09290 o. 10021 0.146111 0.39979 
0.16814 0. 15265 0. 13 938 0.05973 0.04425 
0.30942 0.19906 0.10492 0.06598 0.02601 
0.18572 0.29218 0.20667 o. 13006 0.06397 
0.10483 0.17869 0.47108 0.08713 0.05766 
0.04866 0.17027 0.24097 0.34701 0.1293ll 
0.04225 o. 05634 0. 15493 0.23944 0.27465 
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8 
0.00813 
0.02144 
0.03144 
0.01802 
0.03333 
o. 08333 
0.03720 
o. 00880 
0.01129 
o.03832 
o. 04593 
0.25641 
o. 00577 
o. 01997 
0.00550 
o. 03519 
o. 03 564 
o. 05397 
o. 00984 
0.00301 
0.02970 
0.00232 
0.00302 
0.01416 
0.01405 
0.01405 
0.02116 
0.01788 
o. 05532 
0.14405 
0.02212 
0.01507 
0.01571 
0.02130 
0.03707 
o, 20423 



Table D. 8. Storm Segment Shape Catalog of Mean Normalized Hyetographs, DURSS = 9 

PKHR, I Normalized Hyetograph Shape 
in Holll"ey Hour 

1 2 3 4 5 6 7 8 9 

3 0.02695 0.12246 0.30358 0.22512 0.17740 0.07588 0.03884 0.02105 0.00873 
4 0.02950 0.08649 0.15213 0.26544 0.20744 0.13190 0.08395 0.03431 0.00882 
5 0.04175 0.06673 0.10970 0.15646 0.26875 0.20623 0.09710 0.04316 0.01011 
6 0.02344 0.02948 0.07151 0.12776 0.20890 0.30668 0.12875 0.06366 0.03981 
7 0.01911 0.02705 0.04038 0.08806 0.14951 0.22895 0.28517 0.14303 0.01874 

Table D. 9. Storm Segment Shape Catalog of Mean Nor:mallzed Hyetographs, DURSS: 10 

PKHR, !_ Normalized Hyetograph Shape 
in Hours/ Hour 

1 2 3 4 5 6 7 8 9 10 
3 0.00019 0.11624 0.321,1 o.32065 0.17948 0.03132 o.017s8 0.00210 0.00184 0.00052 
4 0.02186 0.02186 0.15301 0.34426 0.30874 0.11202 0.01913 0.00820 0.00546 0.00546 
5 o.oos13 0.03729 o.06463 0.21567 0.21424 o.11q34 0.10892 o.06338 0.03947 0.01693 
6 0.02514 0.03455 0.08847 0.12701 0.21475 0.27871 0.11676 0.06442 0.03639 0.01381 
7 0.00726 0.06167 0.06771 0.09311 0.17775 0.24426 0.32527 0.01330 0.00605 0.00363 
8 0.00363 0.00726 0.06167 0.06771 0.09311 0.17775 0.24426 0.32527 0.01330 0.00605 1-4 

~ 



Table D.10. Storm Segment Shape Catalog of Mean Normalized Hyetographs, DURSS = 11 

PKHR, I 
in Hours 

3 
4 
5 
6 
7 
8 
9 

Normalized Hyetograph Shape 

Hour--1 2 3 4 5 6 7 8 

0.06103 0.13712 0.28951 0.20970 0.11737 0.07512 0.03756 0.03443 
0.03756 0.06103 0.13112 0.28951 0.20970 0.11737 0.01512 0.03443 
0.03443 0.03756 0.06103 0.13772 0.28951 0.20970 0.11737 0.07512 
0.00626 0.03443 0.03756 0.06103 0.13772 0.28951 0.20970 0.11737 
0.00469 0.00626 0.03443 0.03756 0.06103 0.13772 0.28951 0.20970 
0.00469 0.00626 0.02661 0.03443 0.03756 0.06103 0.13772 0.28951 
0.00469 0.00626 0.02661 0.03443 0.03756 0.06103 O.Q1512 0.13712 

PKHR, 
in Hours 

Hour-.- 9 

3 0.02661 
4 0.02661 
5 0.02661 
6 0.07512 
7 0.11737 
8 0.20970 
9 0.28951 

10 11 

0.00626 0.00469 
0.00626 0.00469 
0.00626 0.00469 
0.02661 0.00469 
0.07512 o. 02661 
0.11737 o. 07512 
o. 20970 o. 11737 

..... 
~ 
0 



Table D.11. Storm Segment Shape Catalog of Mean Normalized Hyetographs, DURSS = 13 

PKHR, I Normru ized Hyeto~aph Shape 
in Houro/' Hour 

1 2 3 4 5 6 7 8 9 10 
3 o.03641 0.10922 0.20221 0.15453 0.14401 0.12460 0.01161 o.osse3 0.04045 0.02023 
4 0.02023 0.03641 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 0.04045 
5 0.01780 0.02023 0.03641 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 
6 0.01133 0.01100 0.02023 0.03641 0.10922 o.io221 0.15453 0.14401 0.12460 0.01161 
7 0.00565 0.01133 0.01780 0.02023 0.03641 0.10922 0.20227 0.154S3 0.14401 0.12,60 
8 0.00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.10922 0.20221 0.15453 0.14401 
9 0.00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.05583 0.10922 0.20221 0.15453 
10 0.00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.0S583 0.07767 0.10922 0.20227 
11 0.00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.05583 0.07767 0.10922 0.12460 

PK.HR, 
in Hours/ Hour 

11 12 13 
3 0.01780 0.01133 0.00565 
4 0.01780 0.01133 0.00565 
5 0.04045 0.01133 0.00565 
6 0.05583 0.040QS 0.00565 
7 O.Q7767 0.05583 0.04045 
8 0.12460 0.07767 0.05583 
9 0.14401 0.12460 0.07767 
10 o.1s4s3 0.,4401 o.12,60 
11 0.20221 0.)5453 0.14401 

a 
' 



Table D.12. Storm Segment Shape Catalog of Mean No:rroal ized Hyetographs, DURSS = 14 

PKHR, Normalized Hyetograph Shape t:._ 
in Hours/ Hour 

8 9 10 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

1 2 3 4 5 6 7 

0.03398 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 0.04045 0.02023 
0.02023 0.03398 0.10922 0.20227 0.15453 0.14401 0.12460 0.07767 0.05583 0.04045 
0.01780 0.02023 0.03398 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 
0.00243 0.01780 0.02023 0.03398 0.10922 0.20227 0.15453 0.14401 0.12460 0.07767 
0.00243 0.00565 0.01780 0.02023 0.03398 0.10922 0.20227 0.15453 0.14401 0.12460 
0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.10922 0.20227 0.15453 0.14401 
0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.04045 0.10922 0.20221 0.15453 
0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.04045 0.05583 0.10922 0.20227 
0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.04045 0.05583 0.07767 0.10922 
0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.04045 0~05583 0.07767 0.10922 

PKHR, 
in . Hours 

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

11 
0.01780 
o.Q1180 
0.04045 
0.05583 
0.07767 
0.12460 
0.14401 
0.15453 
o. ~0227 
0.12460 

Hour 
12 13 14 

0.01133 0.00565 0.00243 
0.01133 0.00565 0.00243 
0.01133 0.00565 0.00243 
O.Q4045 0.01133 0.00565 
0.05583 0.04045 0.01133 
0.07767 0.05583 0.04045 
0.12460 0.07767 0.05583 
0.14401 0.12460 0.07767 
0.15453 0.14,01 0.12,60 
0.20227 0.15453 0.1--0, 

..... 
~ 
N 



APPENDIX E 

COMPUTER PROGRAM LISTING AND OUTPUT 



Table E. l. Computer Pt·ogt·arn Listing 

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C RALSTON CREEi HOURLY INCRE"ENT PRECIPITATION "ODEL 
C c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C 
C 
C 
C 
C 
C 
C 

OSER INITIALIZATION: 

NBYR"' 
LYR= 
IST1R1'• 
JSTlRT• 

FIRST YEAR OP DATA GENERATION 
LAST YEAR OP DATA GENERATION 
ANY 1 TO 7 DIGIT INTEGER SEED 
ANY 1 TO 7 DIGIT INTEGER SEED 

(PCR EXA"PLB: 1976) 

VALUE 
VALUE 

C c••••••••• ... ••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. ••••••••••• 
C 
C , ARI ABLES AlfD CON STlNTS 
C c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

lCCOft= PRECIPITATION ACCO"ULATION OP STORK SEGMENT, INCHES. 
1C!L$= ACCO" ftAII"UKS USED TO DETERMINE ACCESS POINTS IN TBE 'SHAPE' 

FIL!, WBERE S= DURSS= 2,3,4,5. 
ALNT= T~KPORARY WORKING STORAGE FOR ACKLS. 
DAT: CURRENT DAT. 
DIST$= RELATIVE DISTRIBUTION OP ACCOK OVER STORII SEGMENT (SHlPB PILE), 

WHERES= DURSS= 2,3,4, •••••••• 14. 
DORAB= ABSOLUTE DURSS FREQUENCIES BT PERIOD FOR 1 TRRO 14 BOORS. 
DORABT= SOK OP DURSS ABSOLUTE FREQUENCIES BY PERIOD. 
DORSS= DURATION OP STORft SEGKENT, HOURS. 
EXPN!f= SAMPLE KEAN OP IATSE !'OR EACH Ol' 6 PERIODS. (FOR EIPONENTIAL Pir) 
FDURSS= ONIPORKLY DISTRIDOTED RANDOM NOKBER, FOR DORSS GFNERATION. 
PIATSE= UNIPORKLT DISTRIBUTED RAHDO" NOKBER, FOR IATSE GENERATION. 
FIATSS= ONIPOR"LY DISTRIBUTED RAKOOK NO"BBR, FOR IATSS GENERATION. 
PNSSSE= OlfIPORftLY DISTRIBUTED RANDOft HOKBER, FOR NSSSB GENERATION. 
ROOR= CORRENT ROOR OF DAY. 
BRAIN= FINAL HOURLY PRECIPITATION ACCUKOLATIONS POR STORK EVENT, INCHES. 
IATlB= ABSOLUTE IATSS FREQUENCIES BT PERIOD PORO THRO 12 KOORS. 
IATABT= SOK OP IATSS ABSOLUTE FREQUENCIES BY PERIOD. 
IATCO= INTERlRRllAL TIKE COTOPF LEVELS FOR ElCR or 6 PERIODS. (IlTSS 

ftAXIKOPI) 
IlTSE= INTERARRIVlL TIKE TO STORK EVENT, BOOBS. 
IATSS= IRTERABRIVAL TI"E TO STORK SEGKEKT, BOORS. 
LENGTH= STOR" EVENT LENGTH, HOURS. 
LYR= LAST YEAR TO BE GENERATED. 
R~ PERIOD COUNTER. 

PERIODS OP TBE TEAR. 
BY PERIOD FOR DORSS VAI.UBS 1 THRO 14. 

ftRRS= MOBBER OF HOURS IN BACH OF 6 
RLNACPI= SAKPLE PIEAN OP ALOG(ACCOK) 
BONTR= CURRENT ftONTH. 
RBYR= CURRENT YEAR; INITIAL VALUE IS FIRST YEAR TO BE GENERATED. 
!BOORS= ACCUBOLATED TIKE IN BOORS, PROK BEGINNING OP PERIOD, ft. 
NODAYS= NUMBER OP DAYS PER KONTH OP THE YEAR. 
RSSlB= ABSOLUTE NSSSE PREQUE~CIES BY PERIOD FOR 1 TRRO 21. 
JSSABT= SOK OP RSSSE ABSOLUTE FREQUENCIES BY PERIOD. 
HSSSE= NUKBER OP STORK SEGKE,TS PER STORK EVENT. 
PlBR= P~RR LOCATION WITR RESPECT TO BEGINNING OF STORK SEGMENT, BOORS. 
Bliffc PINAL HOURLY PRECIPITATION ACCO~OLATIOIS POR STOBB SBGBEHT, INCHES. 
RFDURS= DURSS RELATIVE FREQUENCIES BY PERIOD. 
RFIATS= IATSS RELATIVE FREQUENCIES BT PERIOD. 
RFNSS= NSSSE RELATIVE fR~QOENCIES BT PERIOD. 
RFPlRR= PlHR RELATIVE FREQUENCIES POR ElCB VALUE OF DURSS et PERIOD. 
SBAPE 2 TEl'\PORART WORta NG STORAGE POR DISTS. 
STDNOR= STANDARD NORKAL RAHDOK NOKBER, FOR ACCO!! GENERATION. 
TRAIN= STORK EVENT TOTAL RAI~PALL ACCUKOLATIOR, INCHES. 
VLKAC!= SAl'!PLE VARIANCE OP lLOG(ACCOI'!) BT PERIOD FOR DORSS VALUES 

1 TB RU 14. 

C c•••••••••••••••••••••••••• .. ••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 

REAL*4 EIPftN(6),RP!ISS(6,21) ,RPIATS(6,13) ,RPDURS(6,14) ,1CCUll(21) ,KL 
SRlC"(6,14),VLNACl'!(6,1ll) ,RPPl{R~(6,1 
g 3, 14) /109 2•0. 0/, ACI'! t3 (6, 3 , 3) , ACI'! L4 ( 6, 4 ,3 I , AC fl 15 (6, 5, 3) , DI ST 3 ( 6, 3, 3 
S, 3) , DIST 4 (6, 4, 3, 4) • DI ST 5 ( 6, 5, 3, 5) , D IST6 ( 6, 5, 6) , DI ST7 ( 6, 6, 7) , DI ST8 ( 
&6,6,8) ,DIST9(5,9) ,D!ST1C(6,10) ,DIST11(7,11) ,D!ST13(9,13),DIST14(10 
g, 14) , SR A PE ( 3, 1 4) , AL l'!T (3) , RA IN ( 21 , 1 11) , AC" L2 (6, 2, 3) , DI ST 2 ( 6, 2, 3, 21 
S, HRAIM (200) 

I!ITEGER •4 I ATCO (6) , :!SSA BT (6) , !f SSAB (6 • 21) , IAT ABT (6) , I AT AB ( 6, 13) , DOR 
gABT(6) ,DORAB(6, 14) ,"HRS (6) ,NODAJS(12) ,DAt,HOOR,IATSS (20) ,DORSS(21) 
g, PIIHR (21) c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C READ STATEMENTS c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
READ (5,312) (HODAtS (II;) ,1'.=1, 12) 

312 PORKAT (1213) 
READ(">, 311) (l'!HRS (It) ,lt-=1,6) 

311 FOR'1A1' (615) 
READ (5,300) (IATCO(!I;) ,,;•1,6) 

144 



300 ro1n1>.T(6I3l 
IIEAD (5,301) (!If11lf (It) ,lt•1,6) 

301 PORl1lT (6F7. 2) 
DO 303 T•1,6 
REID(5,304) (1'SSAB(I,lt),lt•1,21) 

3011 PORl1AT (21 I3) 
303 CONTINUE 

DO 306 1•1,6 
IE>.D (5,307) (IAT>.8 (I ,1q ,lt•1, 13) 

307 FORl1AT(13I4) 
306 CONTINUE 

DO 309 Is1,6 
ll!t.D(5,310) (OUR>.B(I,ltl,lt'1,1Q) 

310 PORl1kT(14I4) 
309 C011TI!IO! 

DO 320 1•1,6 
REID(S,321) (!ILN>.Cft(I,IC) ,lts1,11l) 

321 PORl11T(4I,8P8.5,/,6P8.5) 
320 CONTI~OE 

1)0 3 2 2 I 2 1, 6 
READ (5,323) (VL!IACl1 (l, IC) ,IC•1, 111) 

323 PORl11T (4I,SP8.S,/,9?8.S) 
322 CONTIRO! 

DO 329 Ic1,6 
DO 329 Jc:1,13 
IDUR=J♦ 1 
REID (5,330) (RPPltRR(I,J,lt) ,1t•1,lDOR) 

330 POR!IAT(15X,7P7.4,/,151,1P7.1) 
329 CONTI IIOE 

DO 353 I•1 ,6 
DO 353 J:z1,2 
DO 353 L•1,3 
l!ID (5, 3SQ) 1C!IL2 (I, J, L) , ( DIST2 (I ,J, L, It), IC•1, 2) 

3SQ PORft1T(16X,P6.3,12I,2P8.S) 
353 CONTINO! 

DO 331 1=1,6 
DO 331 Jc1, 3 
DO 331 L=1,3 
RElD(5,332)kC!IL3 (I,J,L), (DIST) (l,J,L,IC) ,tt•1,3) 

332 PORftlT(16I,P6.3,12I,3P8.5) 
331 COlfTl •OE 

00 333 I=1,6 
DO 333 J=1, 4 
DO 333 L2 1,3 
l!lD (S, 334) lCftLQ (I, J, L) , ( DISTIi (I,J, L, IC) ,IC•1, 4) 

33, POR!l1T(161,P6.3,12I,4P8.S) 
333 COBTINOE 

DO 335 I=1,6 
00 335 J:z1,S 
DO 335 Ls1,3 
REID (S, 33 6) lC!ILS (I, J, L), (DIST5 (l ,J, L,IC) , 1•1, 5) 

336 PORftlT(16I,P6.3,12I,SP8.S) 
335 CONTINO! 

00 337 Ic1,6 
00 337 J=1,S 
1!10 (5,338) (OIST6 (I,J ,IC) ,1t•1,6) 

338 POIUllT (22I,6P 8. 5) 
337 COITINOE 

DO 339 Is1,6 
DO 339 J=-1 ,6 
IEID(S,340) (OIST7(I,J,lt) ,lt•1 ,7) 

3,0 POPl!t.T (221, 7P8. 5) 
339 COITl!IUE 

1)0 3111 1•1 ,6 
00 3111 J:,, 6 
IEID (5,342) (DIST8 (l,J ,1q ,IC•1 ,8) 

3112 PORt11T(22I, 7P8. 5,/,P8.5) 
3111 CONTltlOE 

DO 343J=1,S 
lt!lD(S,344) (DIST9(J,ltl ,lt•1,9) 

31111 PORtllT(4I,9P8.5) 
3113 COJTIMOE 

DO 345 J::1, 6 
REID (5,346) (OIST10 (J, Ir;) ,lt•1, 10) 

346 POR11t.T(4I,9P8.5,/,P8.5) 
3115 COMTI 110! 

DO 347 J:r1, 7 
READ (5,Jll8) (DIST11 (J,lt) ,1t =1, 11) 

348 PORIIAT(lll,9P8.S,/,2P8.5) 
31l7 COITIIIO! 

DO 349 J-=1,9 
READ (S,350) (DIST13(J,lt) ,1tc1,13) 

350 PORl1AT(4I,9P8.S,/,QP8.5) 
3119 COIITl 110! 

DO 3 5 1 J• 1 , 10 
l!lD (5,352) (DIST11l (J,lt) ,lt•1, 14) 

352 ,oa11AT(41,9P8.5,/,SP8.5) 
351 COIITIIIO! 

00 313 I• 1, 6 
!S011•0 
00 3111 lt•1, 21 
1su11•1SOll+tlSS18(I,ltl 

3111 co11, ItcUE 
IISSABT (II •ISOfl 



313 

316 

315 

318 

317 

328 

326 

327 

CONTIKO! 
DO 315 I• 1, 6 
ISOft•O 
DO 316 P.:• 1, 13 
ISOK•ISOft+IATAB(I,P.:) 
COKTillOE 
IATABT (I) •ISOft 
CONTINUE 
DO 317 I•1,6 
ISOl!c:0 
DO 318 P.:a 1, 14 
ISOK=ISOll+DORlB (I,lt) 
CONTINO! 
DORA BT (Il •ISUft 
COIITINOE 
DO 328 I=1,6 
DO 328 J=1,21 
R 1'S S=NSSA B (I, J) 
RP!SS (I,J) =RNSS/NSSlBT(I) 
COIITIMOE 
DO 326 Is1,6 
DO 3 2 6 J= 1 , 1 3 
RIAT=IlTAB (I,J) 
RPIATS(I,J)=BIAT/IATABT(I) 
CO!ITINOE 
DO 327 I•1,6 
DO 327 J=-1,14 
RDOR=DORAB (I,J) 
RFDORS(I,J)=RDUR/DORABT(I) 
CONTINUE 

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C INITIALIZE VARIABLES 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

l!•1 
!BOUBS=O 
IBIR=1976 
LtR=1977 
lSTlRT .. 192711 
.JSTART=6221135 
CALL RSTART(ISTART,JSTART) 

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C IF fl=1, TEST FOR LEAP YEAR AND INITIALIZE l!RBS(1) iITR PROPER VALUE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IP(lt.NE.1)GO TO 100 
CALL LEAPYR(NBYR,ftHRS(1)) 

100 CONTINUE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C GENERATE ONE VALUE OF IATSE 

c-••··············· .. ··························································· PIATS!=01'I (0) 
IlTSE=IlTCO(K)+(IATCO(")-EIP!H(K))*lLOG(1.0-PlATSE) 
IlTSE=IlTSE♦ 1 
lfROURS=NROORS+IATSE 

c .............................................................................. . 
C TEST NROORS POR PER!OD EXCEEDEMCE 
c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. ••••••••••••••• 

103 IP(NHOORS.LT."HRS(ll))GO TO 101 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C lDVAHCE TO NEIT PERIOD ARD REPEAT EXCEEDENCE TEST 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IBOURS•HROURS-ftBRS(!) 
IS•!+ 1 
IP(B.GT.6)GO TO 102 
GO TO 103 

102 IS::: 1 
lfBIR=1'BYR+1 
IF(NBTR.GT.LYR)GO TO 999 

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C TEST FOR LEAP YEAR ARD INITIALIZE !HRS(1) WITH PROPER VALUE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

ClLL LEAPYR(NBYR,!HRS(1)) 
GO TO 103 

101 CONTINUE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C COftPUTE !ONTH, DAY, AND ROOR OP STOR" START 

c-••············································································ IP(!.GT.1)GO TO 114 
IF(ftHRS(1).NE.1440)GO TO 115 
IODA YS (2) :29 
GO TO 114 

115 IODAYS (2) =28 
114 CONTINUE 

12:: ft•2 
It 1=!1;2-1 
IP (IIHOURS.GT. (IODlYS (IC1) •24)) GO TO 113 
!ONTR21C1 
DAY= 1 + IIHOORS/2Q 
BOORslfROORS+1-(DAY-1)*2G 
GO TO 116 

113 ftONTH 2 1C2 
IHOORS•NROORS-(N001YS(lt1)*2G) 
DAY•1+IROURS/24 
ROOR•IHOORS+1-(DAT-1)*24 

116 CONTI1'0! 

14b 



c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C GP.NERAT! O"! YALU£ Of lfSSS! 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

F!ISSS!•UlfI (O> 
SU!l•O.O 
1> 0 11 8 ir;:r 1, 21 
sun~sun+RFMSS(ft,K) 
IP(P!ISSS!.LE.SUft)GO TO 119 

118 CONTilfOE 
ISSSE::a21 
GO TO 201 

119 NSSSE:I{ 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C GENERATE MSSSE-1 fALOS OP IlTSS 

c:-••············································································ 201 IP(HSSSE.EQ.1)GO TO 12Q 
IIIS=!ISSSE-1 
DO 122 1•1,IIS 
PilTSS=UII (0) 
s011so. 0 
DO 121 La1,13 
SO!l=SOft+RPIATS(ft,L) 
IP(PIATSS.LE.SOft)GO TO 123 

121 COITI1'0E 
IATSS (N)= 12 
GO TO 122 

123 IlTSS (M) •L-1 
122 CONTINUE 

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C STOR!I SEGMENT GERERATIOII LOOP: ~SSSE CYCLES 
C (EACH CYCLE GERERATES OIi! STORR SEGftE!IT) 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

12Q LENGTB=O 
TRlills0.0 
LL=O 
DO 126 1•1,NSSSE 

c••••••••••••••••••••••••••-••••••••••••••••••••••••••••••••••••••••••••••••••• 
C GEIIERATE ORE VALUE OP OORSS 
c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• .. ••••••••••• 

PDORSS=UII (0) 
SU!=O.O 
DO 127 L=1,11l 
SO!l•SO!+RPDOBS(ft,L) 
IP(PDORSS.LE.SOft)GO TO 128 

127 CONTl1'0B 
DOBSS (K)'"' 1ij 
GO TO 202 

128 DURSS (II) =L 
c•••••••••••••••••••••••••••••••••••••••••••••• .. ••••••••••••••••••••••••••••••• 
C GEIERATE OWE VALUE OP ACCOft 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

202 STDNOB=RROB(O) 
lCCO!l(N):EIP(STDROR•SQRT(fLRACl!(!,DORSS(ll)))+!LRACll(!l,DORSS(l)J) 
IP(lCCOft(N).GT.0.001)GO TO 135 
lCCO I! (fl) =O. 00 1 

135 COllTINOE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C GENERATE 01'B VALOE OF PKRR 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IP(DORSS(R).!Q.1)GO TO 145 
PPICHB•01'I (0) 
SUll•O. 0 
IDOR-=DORSS (ff) 
DO 1Q9 L2 1,IDOR 
SO!l=SO!l+RPPKBR(ft,IDUR-1,L) 
IP(FPKBR.L!.SOB)GO TO 1ij7 

1119 CONTINO! 
PICBR (N) =IDOB 
GO TO 148 

147 PlRR (!f)sL 
GO TO 148 

145 PKRR(N)=1 
148 COllTl!IOE 

c••••••••••••••••••••••••••"••••••••••••••••••••••••••••••••••••••••••••••••••• 
C SELECT STORft SEGftE~T SHAPE 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

IF (DORSS(1')·2) 180,181,182 
181 DO 195 J•1,3 

DO 196 I•1,2 
196 SHAPE (J,I) ,.DIST2 (ft,PltKR (1') ,J,I) 
195 ALftT(J):rACftL2(ft,PltRR(R),J) 

GO TO 183 
182 IP(DORSS(R)-Q) 151,1~2,153 
152 00 163 J•1,:, 

DO 164 I•1,4 
164 SHAPE(J,I)•DIST4(ft,PICRR(RJ,J,I) 
163 ALftT (J) •lCftL4 (ft, PltRR (ff) ,J) 

GO TO 183 
151 DO 165 J•1,3 

00 166 1•1 ,3 
166 SRA PE (J,I)•DIST3(11,PICITTl(M) ,J,I) 
165 ltftT(J) •ACftL3 (11,PltK R(ft) ,J) 

GO TO 183 
153 IF(DORSS(R)-6)154,155,156 

' 

• 

I 

' 

I 

l 
I 

' 

I 

I 

I 

I 



1511 DO 167 J•1,3 
DO 168 !•1,5 

168 SHAPE (J,I)"OlSTS(ft,PICRR(N) ,J,I) 
167 ALftT(J)eACftLS(ft,PKRR(J),J) 

GO TO 183 
155 DO 169 I::a1,6 
169 SBAP!(1,I)•OIST6(ft,PKHR(lf),I) 

GO TO 19<l 
156 IF(DORSS(N)-8)157,158,159 
157 DO 171 1•1,7 
171 SHAPE(1,1)"'DIST7(ft,PICHR(R),I) 

GO TO 194 
158 DO 170 I=1,8 
170 SHAPE(1,I)=OIST8(ft,PICHR(Rf-1,I) 

GO TO 194 
159 IP(DORSS(K)-10) 160,161,162 
160 DO 173 I:s1,9 
173 SHAPB(1,I)=OIST9(PICBR(R)-2,I) 

GO TO 194 
161 DO 172 I•1,10 
172 Sf1lPE(1,I)=OIST10(PICBR(R)-2,I) 

GO TO 194 
162 IP(DORSS(K)-13)174,175,176 
174 DO 178 ! 2 1,11 
178 SBAPE(1,I)"'DIST11 (PKBR(N)-2,I) 

GO TO 194 
175 DO 177 I=1,13 
177 SRAPB(1,I):DIST13(PKRB(J)-2,I) 

GO TO 194 
176 DO 179 Iz:1,14 
179 SRAPE(1,I)=DIST14(PKRR(W)-2,I) 

GO TO 194 
180 Rlilf (N, 1) :ACC Oft (N) 

GO TO 191 
183 DO 1 e4 J•1 ,3 

IP(lCCO!(N).LE.lL!T(J))GO TO 185 
184 CORTIROB 
,as IDUR=DUBSS(K) 

DO 186 Is1, ID OR 
186 RlIK(H,I)=SRAPE(J,I)*lCCU!(B) 

GO TO 191 
194 IDOR=DURSS (!I) 

DO 187 I=1,IDOR 
187 RlIH(H,I)=SRAPE(1,I)•lCCO!(lf) 
191 IDURsDORSS(M) 

DO 193 I=1,IDUR 
I?(RlIB(J,I).GE.0.001)GO TO 193 
RlII (!f,I) =0.001 

193 COBTIKUE c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C lDD TO STOBB LENGTH AND STORft RAINFALL ACCO!ULATION 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

I?(R.EQ.1)GO TO 105 
LEHGTB=LENGTR+DURSS(N)+IlTSS(M-1) 
TRlI 11=-TRAI If+ lCCOft ( R) 
GO TO 10«. 

105 LENGTB=LBRGTR+DURSS(1) 
TRlIB=TR1IN+lCCU!(1) 

104 DO 204 I=1,IDOR 
l,tsLt+1 
BRlil(LL)=RlIN(N,I) 

20ff CONTillO! 
IP(N.EQ.BSSSE)GO TO 126 
IP(IlTSS(R).BQ.O)GO TO 126 
ITS=IATSS (N) 
DO 203 I 101, ITS 
LL=LL+1 
BRA Ill (LL) sO. 0 

203 CONTINUE 
126 CONTINUE c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C END OF STORft EVENT GENERATION LOOP 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C c•••••••••••••••••• .. ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C WRITE STATEftBNTS c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

VBITE (6,416) HOUR. DAY, ftONTR, RBYR, llTSE.LEIGTR,TRAIN 
•16 FOR!AT(/16X,'DATE OP STORft EVERT=',11,I2, 1 /',I2, 1

/
1 ,I2,'/',14,3I,' 

g1&TSE=',Ill,3X,'LERGT8= 1 ,I3,3I,'TRAIW='•P6.3) 
VRITE(6,U17) (BRAIN (IC) ,IC=1,LENGTR) 

,11 POR"AT(16X,'STORft EV~lff BOORLY ~AINPALL lCCOftULATIOKS=' ,SP6.3,/,16 
gX,12P6.3,/,16X,12P6.3,/,16X,12P6.3,/,16X,12P6.3,/,161,12F6.3,/,16X 
g,12P6.3,/,16I,12P6.3,/,16I,12P6,3,/,16I.12P6.3,/,16X,12F6.3) 

C*••············································································ C ADO STORI! LEIIGTR TO !fAOORS COUIITER AND UPDATE !!HRS AND NBYR 
c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

RROORS•WROORS+LENGTR 
IF (IIROORS. GE. IUJRS (ft)) GO TO 106 
GO TO 100 

106 IROORS•IROURS-ftRRS(ft) 
ft•ft+1 
IP(ft.GT.6)GO TO 107 
GO TO 100 

148 

I 
j 



10'7 II• 1 
l8tR•ll8tR+1 
If (IIBtR. GT. LI R) GO TO 999 
ClLL L!lPIR(VBIR,ftHRS(1)) 
GO TO 100 

999 COITIIO! 
STOP 
IID 

SUBROOTIII L!lPtR(JBll.BBRS) 
IBIR•IBtR 
ILllP•IBtR/11.0 
fL!lP•lIIT(IL!lP) 
If(TL!lP.l!.lL!AF)GO 'rO 200 
BBlS•14Cl0 
GO TO 201 

200 IIBRS•1fl16 
201 COIITI tlO! 

IIT0RI 
IID 

• 

... 



DATA 

31 28 31 30 31 30 31 31 30 31 30 31 
1Q16 1464 1464 1488 1464 1464 
12 12 6 6 9 12 
144.61 99.32 69.78 91.74 114.27 138.73 
71 72 61 29 25 15 12 8 2 4 5 3 0 0 0 0 0 0 
87 81 79 56 40 26 15 10 10 9 2 6 1 1 2 0 2 0 

253150 83 44 28 22 14 7 2 2 0 0 1 0 1 0 0 0 
248124 59 31 11 13 1 2 1 1 0 0 0 0 0 0 0 0 
152 68 43 27 22 16 11 12 4 4 2 1 1 0 3 1 0 1 
69 66 49 38 30 17 16 11 5 6 2 5 2 0 1 0 0 0 
410 162 57 34 19 9 a 6 4 3 l 3 2 
641 264 97 63 48 21 23 17 7 5 8 9 6 
404 220 98 46 33 32 30 0 0 0 0 0 0 
255 122 48 24 12 8 12 0 0 0 0 0 0 
,03 178 63 39 23 25 16 14 7 10 0 0 0 
493 187 63 42 26 13 8 ,, 7 S Q 1 3 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

161 2Q1 240 180 97 49 28 13 6 4 1 0 0 0 
281 404 361 250 167 86 52 2S 6 3 1 0 1 0 
277 395 322 232 135 66 22 17 3 1 0 0 0 0 
148 273 258 149 87 30 15 7 2 2 1 0 0 0 
201 283 279 201 90 53 22 ,o 4 2 2 0 0 1 
187 309 260 197 106 65 36 14 4 3 1 0 0 0 

0 
1 
0 
0 
2 
0 

1 -S.58749-4.20259-3.45760-2.95842-2.41308-2,28000-2.08000-1.80000 
•1,61500-1,44000-1.28000-1.14500-1.02000-0.89000 
2 -S.45398-3.74805-2.92189-2,43427-2.09251-1.74500-1.49000·1.270CO 
•1,07500-0.90000-0.74000-0.60000-0.47500-0.35000 
l -5.os101-J.34045-2.34901-1.00140-1.41321-1.08000-o.00000-o.s6000 
-0.34000-0.16000+0.02000+0.17500+0.32000+0.45500 
• -4.74407-3.01913-2.20657-1.51294-1.04825-0.73000-0.42500-0.15000 
+0.08000+0,28500+0.47500+0.65000+0,81000+0.96000 
5 -5.11467-3.38167-l.59447-1.83576-1,63345-1,21000-0.93000-0.69000 
-o.q1500-o.29000-o.12soo+o.03000+0.11500+0.31000 
6 - 5 • 46267-3. 90286-3. 09 410-2. 67908-2. 50404-2. 05000- 1. 8 2000- 1. 62500 
•1.45500-1,30000-1.17000-1.04000-0.93000-0.82500 
1 1.04534 1.03508 1.11852 0.89882 0.88413 
0.83500 0.69500 0.57700 0.47600 0.39300 0.32200 0.26300 0.21400 0.17500 
2 1.05617 1.38066 1.19290 1.11063 1.01208 
0.83500 0.69500 0.57700 0.47600 0,39300 0.32200 0.26300 0.21400 0.17500 
3 2.11778 1.97749 1.64247 1.31571 0.94917 
0.83500 0.69500 0.57700 0.47600 0.39300 0.32200 0.26300 0.21400 0.17500 
• 2.36789 2.46168 1.56440 1.27112 1,06078 
o.a3soo o.69500 o.51100 o.47600 0,39300 0 . 32200 0.26300 0.21400 0.11500 
s 1.52530 1.92166 1.46105 1.oose3 o,97946 
o.83soo o.69500 0.51100 o.47600 0.39300 o.32200 0.26300 0.21400 0 . 11500 
6 1.18981 1.31823 1.09449 1.10360 0.90931 
o.83500 o.69500 o.s1100 o.47600 o.39300 0.32200 0.26300 0.21400 0.11500 

DORSS• 2 0.8423 0.1577 
DURSS• 3 0.4542 0.4583 
DORss~ Q 0.1944 0.4333 
DURS5= 5 0.1340 0.2784 
DDR5S• 6 0.0408 0.2245 
DURS5= 7 0.0357 0,1072 

DOR55= 8 o.o 0.0930 
o.o 

DORSS• 9 o.o o.o 
o.o o.o 

DORSS•10 o.o o.o 
0.1003 o.o 

DURS5=11 o.o o.o 

0.0875 
0.3223 
0.3711 
0.3469 
0.3571 

0.3140 

o. 2797 

0.2331 
o.o 
0.1998 

0.1049 0.0860 o.o 
DOBSS•12 o.o o.o 0.1748 

0.1036 0.0894 0.0753 
DUR 55•1 l o.o o.o 0.1554 

0.1000 0.0890 0.0779 
DOR SS•14 o.o o.o 0.1399 

0.0956 0.0867 0.0778 
DORSSa 2 0.8540 0.1460 
DOBSS• 3 0.4432 0.5069 o. 04 99 
DORSS• 4 0.2400 o. 4280 o. 3120 
DURS5-= 5 0.1377 0.3293 0.3713 
DUR SS• 6 0.1041 0.2209 0.21142 
DORSS• 7 0.0192 0.2115 0.2500 

DUR5S• 8 o.o 0.0930 0.3140 
o.o 

DORSS• 9 o.o o.o 0.2797 
o.o o.o 

DUR 55•10 o.o o.o 0.2331 
0.1003 o.o o.o 

DUR S5•11 o.o o.o 0.1998 
0.1049 0.0860 o.o 

DOR5S•12 o.o o.o 0.1748 
0.1036 0.0894 0.0753 

DURSS•13 o.o o.o 0,1554 
0.1000 0.0890 0.0779 

DUR SS•l 4 o.o o.o o. 13 99 
0.0956 0.0867 o. 0778 

DORSS• 2 0.7747 0,2253 
DURSS• 3 0.11130 o.sJ11 0.0559 
OURS5• 4 0.1983 0.4526 0.3276 
DOTI SS• 5 0.1185 0.4222 0.2741 

0.0500 
0.2165 
o.2e51 
0.2143 

0.2330 

0.2399 

o.o 
0.1021 
0.2143 

0.1740 

0.2000 

0.2065 0.1799 

o.10oe 0.1618 
o.o 
0.1606 0.1463 
o.o o.o 
0.1443 0.1333 
0.0669 o.o 
0.1310 0.1221 
0.0690 0.0602 

0.0200 
0.1617 o.o 

o.o 
0.0714 o.o 

0.1630 0.0230 

o.1601 0.1204 

0.1534 o. 1268 

0.1428 0.1239 

0.1321 0.1179 

0.1222 o. 1111 
o.o 
0.1133 0.1044 
o.o o.o. 

0.3372 0.0930 o.o 
0.2308 0.1923 0 . 0962 o.o 

0.2330 0.1740 0.1630 0.0230 

0.2399 0.2000 o. 160 1 0.1204 

0.2C65 0.1799 0.1534 0.1268 

0. 1 808 0.1618 o. 1428 0.1239 
o.o 
0.1606 0.1463 o. 13 21 0.1179 
o.o o.o 
0.1443 0.1333 o. 1222 0.1~11 
0.0669 o.o o. 0 
0.1310 0.1221 o. 113 3 0.1044 
0.0690 0.0602 o.o o.o 

0.0215 
0.1778 0.0074 

150 



s 
DtJRSS• 6 0.1061 0.3030 0.2879 0.1970 0.1060 o. 0 
OtJR SS• 7 o.o 0.2273 0.3182 0.2273 0.13611 0.0908 o.o 

OORSS• 8 o.o 0.0930 0.3140 0.2330 0.11110 o. 1630 0.0230 
o.o 

DORSS• 9 o.o o.o o. 2797 o.2399 c.2000 0.1601 0.1204 
o.o o.o 

DORSS•10 o.o o.o o. 2331 0.2 06S 0.1799 0.1534 0.1268 
0.1003 o.o o.o 

DtJRSS•11 o.o o.o o. 1998 0.1808 0.1618 0.1428 0.1239 
0.1049 0.0860 o.o o.o 

DOJlSS•12 o.o o.o 0.1748 0.1606 0.11163 0.1321 0.1179 
0.1036 0.0894 0.0753 o.o o.o 

DOBSS•13 o.o o.o o. 1554 0.1443 0.1333 0.1222 0.1111 
0.1000 0.0890 0.0779 0.0669 o.o o. 0 

DORSS:s14 o.o o.o o. 13 99 0.1310 0.1221 0.1133 0.1044 
0.0956 0.0867 0.0778 0.0690 0.0602 o.o o.o 

DORSS= 2 o.7399 0.2601 
DOR SS• 3 0.4457 0.5233 0.0310 
DURSS 2 4 o. 228 2 0.4631 0.2819 0.0268 
DUR~S• 5 o.0805 0.4483 o. 3218 0.1494 o.o 
DORSS= -6 0.1333 0.2333 0.3000 0 .2333 0.1001 o.o 
DOR SS• 7 0.0667 o.o 0.4000 O. llOOO O. 0 o. 1333 o.o 
DORSS• 8 o.o o. 0930 0.3140 0.2330 0.1740 0.1630 0.0230 

o.o 
DOR SS: 9 o.o o.o o. 2797 0.2399 o. 2000 o. 1601 0.1204 

o.o o.o 
DOR SS•10 o.o o.o o. 2331 0.2065 0.1799 0.1534 0.1268 

0.1003 o.o o.o 
DORSS=11 o. 0 o.o 0.1998 0.1808 0.1618 o. 1428 0.1239 

0.101l9 0.0860 o.o o.o 
DORSS•12 o.o o.o 0.1748 0.1606 0.1463 o. 13 21 0.1179 

0.1036 0.08914 0.0753 o.o o.o 
DOB SS•13 o.o o.o o. 1554 0.1443 o. 1333 o. 1222 0.1111 

0.1000 0.0890 0.0779 0.0669 o.o o. 0 
DOR SS•14 o.o o.o o. 1399 0.1310 Q.1221 o. 113 3 0.10414 

0.0956 o. 0 867 0.0778 0.0690 0.0602 o.o o.o 
DOR SS 2 2 0.8269 0.1731 
DURSS• 3 0.4086 0.5305 o. 0609 
DOR SS= 4 o. 2488 0.11179 0.3333 o.o 
DORSS 2 5 0.0667 0.3222 o. 4111 0.2000 o.o 
DORSS= 6 0.0943 o. 1698 0.3774 0.2642 0.0943 0.0 
DURSS= 7 0.0455 0.2727 0.1818 0.3182 0.1364 o. 0454 o.o 
DORSS= 8 o.o 0.0930 0.3140 0.2330 0.1740 o. 1630 0.0230 

o.o 
DORSS= 9 o.o o.o 0.2797 0.2399 0.2000 o. 160 1 0.12014 

o.o o.o 
DORSS•10 o.o o.o o. :t3 31 0.2C65 0.1799 0.1534 0.1268 

0.1003 o.o o.o 
DORSS=11 o.o o.o o. 1998 0.1808 0.1618 0.1428 o. 1239 

0.1049 0.0860 o.o o.o 
DORSS=12 o.o o.o 0.1748 0.1606 0.1463 o. 13 2 1 0.1179 

0.1036 0.0894 0.0753 o.o o.o 
DORSS•13 o. 0 o.o 0.1554 0.1443 0.1333 0.1222 o. 1111 

0.1000 o.0890 0.0779 0.0669 o.o o.o 
DORSS=14 o.o o.o 0.13 99 0.1310 0.1221 0.1133 0.1044 

0.0956 o. 0867 o. 0778 0.0690 0.0602 o.o o.o 
DURSS= 2 0.8867 0.1133 
DORSS= 3 0.3962 0.5423 0.0615 
DURSS: 4 0.2690 0.3858 o. 33 50 0.0102 
DURSS• 5 0.1132 0.2453 0.3868 0.25117 o.o 
DORSS:s 6 0.0615 0.2462 0.4000 0.2154 0.0769 o.o 
DOB SSs 7 o.0556 0.1944 o. 1667 0.3611 0.1667 o. 0555 o.o 
DOBSS• 8 0.0000 0.0930 0.3140 0.2330 o. 17110 o. 1630 0.0230 

o.o 
DORSS• 9 o.o o.o 0.2797 0.2399 0.2000 o. 160 1 0.1204 

o.o o.o 
DORSS•10 o.o o.o 0.2331 o. 2065 0.1799 0.1534 0.1268 

0.1003 o.o o.o 
DOR SS•11 o. 0 o.o o. 1998 0.1808 0.1618 0.1428 0.1239 

0.1049 0.0860 o.o o.o 
DOR SS=12 o.o o.o 0.17118 0.1606 0.1463 o. 1321 0.1179 

0.1036 0.0894 0.0153 o.o o.o 
DOR S5•13 o.o o.o 0.1554 0.1443 0. 13 33 o. 1222 0.1111 

0.1000 0.0890 0.0779 0.0669 o.o o. 0 
DOR SS•14 o.o o.o 0.1399 0.1310 0.1221 o. 113 3 o. 10414 

0.0956 0.0867 0.0778 0.0690 0.0602 o.o o.o 
2 1 1 1 0.055 0.015 o. 67536 0.32462 
2 1 , 2 0.111 o. 067 0.66565 0.331135 
2 1 1 3 0.166 0.130 0.68863 0.31137 
2 1 2 1 0.065 o. 01 5 0.32362 0.67637 
2 1 2 2 0.130 o. 095 0.30753 0.69247 
2 1 2 3 0.195 0.195 0.27692 0.72308 
2 2 , 1 0.238 0.037 0.69953 0,30046 
2 2 1 2 0.476 0. 2 911 0.78637 0.21363 
2 2 1 3 0.7111 0.686 0.80952 o. 19048 
2 2 2 1 0.204 0,049 0.24566 0.754311 
2 2 2 2 0.409 0.253 o. 44151 o. 558119 
2 2 2 3 0.613 0.613 o. 30343 o. 69657 
2 3 1 1 0.310 0.058 0.72129 0.27870 
2 3 1 2 0.620 o. 43 8 o.76693 0.23307 
2 3 , 3 0.931) 0.774 0.72030 0.27970 
2 3 2 1 0.229 0.048 0.28510 0.11482 
2 3 2 2 0.458 0.295 o. 19037 o. 80963 



152 

2 3 2 3 0.687 0.633 0.18376 0.81624 
2 II , 1 0.550 0.080 0.73105 o. 26894 
2 II , 2 1.099 0.16, o. 8e263 0. 11 737 
2 II 1 3 1.649 1. 455 0. 90397 0.09603 
2 II 2 , 0.286 0.055 0.27381 0.72618 
2 - 2 2 0.572 o. 377 0.25767 0.74233 
2 .. 2 3 0.858 0.770 0.17511 o.82489 
2 5 , 1 0 . 503 0.067 0.12068 0.27930 
2 5 1 2 1. 005 0.685 0.88197 0. 11803 
2 5 1 3 1.508 1. 508 0 . 65650 0.34350 
2 5 2 1 0. 344 0.047 0.28665 o.7 1334 
2 5 2 2 0.689 0. 359 o. 32489 0.6751 1 
2 5 2 3 1.033 o. 993 0.23684 0 . 76316 
2 6 1 1 0. 102 0. 028 0.67608 0.3239 1 
2 6 1 2 o . 365 0.244 0.75(70 0 . 24930 
2 6 1 3 0.547 0.532 0 . 71515 o. 28485 
2 6 2 1 0. 16 1 0.022 0.32881 0 . 67119 
2 6 2 2 0.321 0.168 o. 327 38 0.67262 
2 6 2 3 0. 482 0.482 o . 24481 0 . "15519 
3 , 1 1 0. 169 0.040 0. 52286 0.30737 0.16977 
3 , 1 • 2 0.338 0.2G8 0. 53178 0. 35507 0. 11 3 15 
3 1 1 3 0.507 o. 438 0. 11 821 0. 19701 0.08477 
3 1 2 1 0.177 0. 043 o. 24056 0 . 52782 o. 23 161 
3 1 2 2 0.353 0.26 1 0.23 1 37 0.50307 o. 26555 • 
3 1 2 3 0.530 0 .456 o. 42077 o . 5226 1 o. 05661 
3 1 3 1 0 . 049 0.021 0.19429 o. 27489 o. 53082 
3 1 3 2 0.098 0.091 o.i5JS4 0.36131 0 , 48474 
3 1 3 3 0. 147 0.147 0.19048 0.37415 o. 43537 
3 2 , , 0.336 0. 063 0.55458 0.30599 o. 13942 
3 2 , 2 0. 672 o. 42 7 0. 76671 0.19762 0. 03568 
3 2 1 3 1. 008 1. 008 0.52778 0.46429 0.00794 
3 2 2 1 0 .232 o. 071 0.20948 0.58758 o. 20293 
3 2 2 2 0. 461J 0.314 0.18170 0.58725 0. 23 106 
3 2 2 3 0.696 0.566 0.20055 0.65542 o. , 4403 
3 2 3 1 0.144 0.034 0. 17846 0.32259 o. tt9895 
3 • 3 2 0.289 0.231 0.12363 0.33973 o. 53664 ' 3 2 3 3 0.433 0. 433 0 . 00693 0.3926 1 o. 600 46 
3 3 1 1 o. 322 0.09, 0.64548 0.24451 0.11000 
3 3 1 2 0 .644 o. 468 0.69792 0.22773 o. 07 4 34 
3 3 1 3 0. 966 o . 784 0.76135 0 . 19131 0.04734 
3 3 2 1 0.660 0 . 144 0.18639 0.64355 0.17005 
3 3 2 2 1. 319 o. 900 0.19823 0.65787 o. 14390 
3 3 2 3 1.979 1.66 6 C. 15109 0.823 17 0. 02573 
3 3 3 1 0.380 0.069 0 . 12522 0.30265 0.572 12 
3 3 3 2 0.760 0.39 1 o.,1so9 0.12216 0.16215 
3 3 3 3 1.140 1.056 0.08341 0.16343 0. 753 16 
3 - 1 1 o. 329 0.099 0. 64182 0.26130 0.09687 
3 II 1 2 0.659 0 .484 0.67205 0.28367 0 . 04428 
3 .. 1 3 0.988 0.788 0.76942 0.17642 0. 054 16 
3 11 2 1 0.589 0.1 47 0.19374 0.64787 0.15837 
3 11 2 2 1.177 o.849 0.13762 0 . 7843 1 0.07807 
3 II 2 3 1. 766 1. 53 2 0.25460 0 . 6 1504 0.13036 
3 q 3 1 0.216 o.058 0.08292 0.30576 0.61 131 
3 4 3 2 0.431 0.244 0.01230 0.1 1 066 o. 877 05 
3 Q 3 3 0.647 0. 647 0.02782 0.06646 0. 90572 
3 5 1 1 0.296 0.076 o.62095 o.26535 0. 11310 
3 5 1 2 0.591 0 . 439 0.63940 0.29487 0. 06574 
3 5 , 3 0. 887 o.753 0.78254 0.19406 0.02340 
3 5 2 1 0.374 0.107 0,20108 0.61631 0. 18259 
3 5 2 2 0.748 0. 501 0.19324 0.66896 0. 13780 
3 s 2 3 1.122 0.952 o. 29655 o. 53384 o. 16961 
3 s 3 1 0.090 0.034 0. 15744 0.30826 0. 53430 
3 5 3 2 0.181 0. 106 0.03957 0.19849 0.76194 
3 5 3 3 0.271 0.233 0 . 05860 0.36762 0. 57376 
3 6 1 1 0 . 198 0. 057 o. 55565 o. 2918 1 o . 15253 
3 6 1 2 0.397 0.292 0. 58030 0.32376 0.09594 
3 6 , 3 0.595 o.53 4 0.84135 0. 13504 0.0236 1 
3 6 2 1 0.208 0.056 0.24238 0.53756 0.22005 
3 6 2 2 0.417 0.299 0.19320 0.5323 1 0.27449 
3 6 2 3 0.625 o. 591 o. 24 507 o. 59547 o. 15946 
3 6 3 1 0.137 o. 033 0.15332 0.29891 0.54777 
3 6 3 2 0.274 0.231 0.12363 0.33973 0. 53664 
3 6 3 3 0.411 0.41 1 0.007 30 0.24331 0.74939 
ll 1 1 1 0.212 0.053 0 . 112922 0.27826 0.18684 o. 1056 8 
4 1 1 2 0.425 o. 275 0.49091 0.34182 0.13091 0.03636 
4 1 1 3 0.637 o. 637 0.50392 0.19 152 0.19 152 0 .11 303 
4 1 2 1 0.464 0 . 08 7 0.19367 0 . 45578 0.24240 o. 10814 
4 1 2 2 o.920 o. 422 0.11663 0.50 805 0 . 24879 o. 12652 
4 1 2 3 1.392 1. 392 0.01006 0.91092 0 . 05819 0.02003 
4 1 3 1 0.112 0. 046 0. 10367 0. 22614 0.46513 o. 20506 
4 1 3 2 0.224 o. 159 0. 13625 0.23204 0. 40472 0. 22699 
4 1 3 3 0.336 0.296 o. 10344 o. 21872 o. 42682 o. 25102 
4 1 4 1 0,016 0. 008 0.121113 0.171113 0 , 24285 0.1161128 

" 1 4 2 0.032 o. 020 0.10049 0,14216 0. 31372 0.44363 
4 1 " 3 0.048 0. 0111 0.10442 0 .1 6925 0.31590 0.11 1043 

" 2 1 1 0.285 0.094 0.50029 0.27194 0 ,14523 0. 08254 
II 2 1 2 o. 571 0.411 0.54663 0.30645 0.10852 0. 03841 ,. 

~ 1 3 0.856 0.8S6 0.61916 0.26519 0.08528 0. 03037 

" 2 1 0.278 o. 10 4 0. 17424 0.48577 0 , 24764 0. 09234 ,. 2 2 2 0.555 0.381 0.21902 0.47887 0,24542 0.05669 
4 2 2 3 0.833 0.699 0.06533 0.62699 0.27571 0.03 196 
4 2 3 1 0.206 0.076 0.10995 o. 21.1548 o. 47159 o. 16697 
4 2 3 2 o. 411 0.292 0.07348 0.22084 o. 57242 o. 13325 ,. 2 3 3 0.617 0.503 0.07603 0.231151 0.579 13 0.110311 



II 2 II 1 0.037 0.010 o. 20000 0.20000 o. 20000 o. 40000 
4 2 II 2 0.0111 0.057 0.036411 0.19309 0,31042 o. 4600 3 
4 2 II 3 0.111 o.,o, 0.15350 0.20800 o. 30601 o. 33249 

" 3 1 1 0.413 0.130 o. 54939 o. 26662 o. 12140 0.06258 
q 3 1 2 0.826 o.511 0.63295 0.27887 o. 07630 o. 01188 
II 3 1 3 1.239 1, 098 0.52981l 0,33275 0.11236 0.02505 
11 3 2 1 0,889 0.2112 0.160211 0.56493 0.21434 0.0601l8 
II 3 2 2 1.777 1, 121 0,139411 o.1"1qo 0.10660 0.00606 
II 3 2 3 2.666 2,666 0,09415 0.51313 0.28245 0.11028 
II 3 3 1 0.403 0.137 0.07583 0.211659 0.55584 0.12173 
Q 3 3 2 0.807 o. 559 0.04669 0.182111 0.62322 0.14795 
II 3 3 3 1. 210 1. 021 0.011739 0.29903 0.4~861 0.15497 
4 3 Q 1 0.278 0.021 0.14719 0.16234 0.28355 0,40693 
Q 3 4 2 0.557 0.384 0,0111127 0.13SQ2 0,35937 0.460911 
Q 3 4 3 0.835 o. 83 5 0.00359 0,080211 0,25269 0,663117 
II Q 1 1 0,1161 0.188 0,60193 0.27205 0,08802 0.03800 

" II 1 2 o. 923 0,604 0.61435 0.299117 0,06396 0.02222 

" " 1 3 ,. 384 1. 374 0.63542 0,28365 0.07370 0.00723 

" 4 2 1 1.0112 0.299 0.18446 0.57220 0.19720 0.04615 

" 4 2 2 2.085 1.333 0.14175 0.68711 0.111698 0.02416 
Q " 2 ,3 3.127 3.032 0.10028 0,67466 0.22136 O.OC369 
11 Q 3 1 0. 735 0.251 0.06821 0.21214 0.56583 0.15382 
4 " 3 2 1.469 o. 935 0.00357 0.05805 0.87233 0,06603 
Q Q 3 3 2,204 2.204 0.23730 0,28584 0.115009 0.02677 
4 4 4 1 0.375 0.090 0.01847 0,04600 0.10378 0.83174 
Q II 4 2 0.750 0. 5q 8 0.09489 0.09854 0.37044 0.43613 
Q Q 4 3 1.125 1.125 0,06844 0.14578 0.29600 0.48978 
II s 1 1 0.618 0,223 0,54598 0.27690 0.12335 0.05377 
II 5 1 2 1.237 0.878 0.64839 0.26767 0.05916 0.02477 
4 5 1 3 ,.ass ,.ass 0.63342 0.28949 0.07655 0.00054 
II 5 2 1 0.637 o. 200 0.19227 0,50100 0.22444 0.08227 

" s 2 2 ,. 274 0.767 0.111555 0.59737 0.21639 0.04069 
II 5 2 3 1.911 1 .600 0.21191 0.67711 0.10914 0.00182 

" 5 3 1 0.472 0.150 0.09090 0.22005 0.50290 0.18613 
II 5 3 2 o.943 o. 551 0.09158 0.18240 0.48019 0.24583 
4 5 3 3 1.415 1.278 0.07250 0.20989 0.59178 0.12582 

" 5 4 1 
Q C 4 2 w 

II & 4 3 w 

II 6 , , 0.269 0.075 0.46435 0.28256 o. 16 755 0.08553 
4 6 1 2 0.539 0,451 0.62139 0.27246 0.08810 0.01804 
It 6 1 3 0.808 o. 808 o.37129 0.30941 0.25124 0.06807 
II 6 2 1 0.311 0.087 0.20184 0.45491 0.22162 o. 12163 

" 6 2 2 0.623 0.422 0.11663 o.so0os o. 24879 0.12652 
4 6 2 3 o. 9311 0,792 0.19800 o.58592 o. 1849Q 0.03114 
II 6 3 1 0,610 0,104 o.11se6 0.22230 0.46550 0,19633 
II 6 3 2 1.221 0.995 0.14427 0.23519 o. 37887 o. 24166 
4 6 3 3 1.831 1. 831 0,03004 0.38667 0.58165 0.00164 
11 6 4 1 0.012 0.008 0.12143 0.17143 o. 24285 o. 46428 
4 6 II 2 0.023 o. o, s 0.06667 0.06667 0.20000 0.66667 

" 6 II 3 0.035 0.035 0.05714 0.17143 o. 37143 o. 40000 
5 1 1 1 0.145 0.012 0.38<i68 0.28467 0.15478 o. 10434 0.07553 
5 1 1 2 o. 291 0,254 0.48819 o. 23228 0.20079 0.05512 0,02362 
5 1 , 3 0,436 0.376 0.33109 o. 292 56 0,22381 0.08871 0,06382 
5 1 2 , 0,139 0.067 o. 17311 0.37169 0,23370 0.15893 0.06256 
5 1 2 2 0.277 o. 17 3 0.12834 0,399118 o. 27924 o. 13102 0.06191 
5 1 2 3 0.416 0.386 0.13890 0,45582 o. 19128 o. 12869 0.08530 
5 1 3 1 0.160 0,071 0,08629 0.22072 0.42392 0.17932 0.08975 
5 1 3 2 0.337 0,247 0,08346 0,16309 0.39669 0.25896 0.09779 
5 1 3 3 o. sos 0.438 0.09738 0.21495 0.36121 0.25796 0.06849 
5 1 4 1 0,209 0.000 0.06840 0.13486 0.21421 0.40267 0.17986 
5 1 4 2 0.417 o. 374 0.15479 0.20539 0.21211 0.28255 0.14515 
5 1 4 3 0,626 0.626 0.00479 0.07668 0.20607 0.40895 0,30351 
s 1 5 1 
5 1 5 2 
5 1 s 3 
5 2 1 1 0,214 0.082 o. 39737 0.2677q 0.15913 0.10191 0.07385 
5 2 1 2 0.428 0.257 o. 38958 o. 33990 0.14838 0.06423 0.05790 
5 2 1 3 0.642 o. 642 0.3C841 0.28193 0.21184 0,12305 0.07477 
5 2 2 1 o.526 0.149 0.16233 0.41888 o. 232 75 o.12601 0.06001l 
5 2 2 2 1,052 0.622 0.09842 0.52789 o. 27845 o. 08«.0 5 0.01120 
5 2 2 3 1. 578 1. 578 o. 22940 o.45501 o. 17681 o. 11153 0.02725 
5 ~ 3 3 8·'!' 8:JgJ 8:8~~i9 8:i81~~ 0.429%0 0.2088~ 0,08053 
5 .0 5 0.464 4 o. 21l55, 0.03001 
5 2 3 3 1,252 1. 16 7 0.01340 0.22386 o. 65429 0.08749 0,02095 
5 2 4 1 0, 160 0.071 0.07133 0.15086 0.23069 o. 3850 1 0,16210 
s 2 4 2 0.320 0,222 o. 02302 0.09046 o. 10967 o. 44146 0,255)8 
5 2 4 3 0.480 o. 397 0,03595 0.16664 0.27641 0.41784 0.10316 
5 2 s 1 
5 ~ 

4 5 2 
5 2 5 3 
5 3 1 1 0,350 o. 175 0.59585 0.22902 0.11361 0.04129 0.02024 
5 3 1 2 0.10, 0.458 0.82007 0.13677 0.02621 0.01243 O,OOllSO 
5 3 , 3 1.051 1.043 0.56996 0 .22232 o. 10077 0.08534 0.02161 
5 3 2 1 o. 491 0.199 0.11l758 O,ll6361 0.25176 0.10242 0.031l62 
5 3 2 2 0.982 0.726 0.156~6 0.54013 o. 20785 o. 07651 0.018S11 
5 3 2 3 ,. 47 3 1,261 0.18267 0.58601 0.17196 0.03892 0,020ll5 
5 3 3 1 0.326 0.159 0.06465 o. 19728 o. 111!504 o. 19081 0.06222 
5 3 3 2 0.652 0.441 o.06G19 0.17485 O,ll6825 0,22',IS 0.06097 
5 3 3 3 o. 9·18 0.828 0.03553 0.19168 0.57354 0.13475 0.06450 
5 3 Cl 1 O.ll42 0.150 0.06261\ 0,10889 0.22]00 0,4]582 o. 1696 3 
5 3 4 2 0.885 0,688 0,06183 0.111408 o. 3114 35 o. 3707 3 0.07901 
5 3 4 3 1. 327 1.180 0,01711 0.05381 0,25773 0,6]948 0,03136 
s 3 5 1 0,365 0.150 o. 06266 o. 10889 o. 16963 o. 22300 0,43582 
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s 3 5 2 0.731 0.688 0.06183 0.07901 0.14408 0.34't35 0.37073 
5 3 5 3 ,. 09 6 1.096 0.00182 0.00547 0.00730 0.38139 0.60401 
s II 1 1 0.338 0.145 0.46049 0.33699 0.14212 0.04426 0.01614 s II 1 2 0.675 0.403 0.52019 0.28936 0.15161 0.03386 0.00497 
s II 1 3 1.013 1.Q13 0.52912 0.41066 0.05232 0.00592 0.00197 
5 II 2 1 0.463 0.249 0.14667 0.50714 0.23943 0,08255 0.02421 
5 Q 2 2 o. 926 0.649 0.10390 0.54619 0.24706 0.08440 0.01845 
5 II 2 3 1.389 1.148 0.15783 0.53540 0.21306 0.06722 0.02649 
5 II 3 1 0.903 0.263 0.08413 0,22499 0.46490 o. 1728 7 o. 05311 
s II 3 2 1.807 1.049 0.00845 0.10566 0.55417 0.26490 0.06681 s 4 3 3 2.710 2.710 0.00406 0.24834 0.56125 0.18450 0.00185 
5 II 4 1 0.877 0.321 0.03434 0.09283 0.24951 0.49583 0.12750 s II 4 2 1. 754 0.900 0.01111 0.07778 0.09333 0.42222 0.39556 
5 q 4 3 2.631 2.621 0.06050 0.08900 0.25990 0.44140 0.14918 s II 5 1 
s II 5 2 
s II 5 3 
s 5 1 1 0.239 0.115 0.50022 0.25157 0.14662 0.07045 0.03114 s s , 2 0.479 0.308 0.25325 0,25325 0.23701 0,19481 0.06169 s 5 , 3 0.718 0.607 0.42274 0.28004 0.16814 0.08543 0,04364 
5 5 2 · 1 0.680 0.219 o. 15653 0.46570 o. 23143 0.09482 0.05152 
5 5 2 2 1.360 o. 912 0.19494 0.48815 0,24521 0,06418 0.00752 
5 5 2 3 2.040 1,620 0.12088 0.56846 0.22142 0,05816 0.03107 s 5 3 1 0.318 0.133 0.08852 0.23029 0,43462 0.17485 0.07171 
5 5 3 2 0.636 0.394 0.03002 0,17949 0.50393 0.21514 0.07143 
5 5 3 3 0.954 o. 828 0.01283 0,17723 0.42573 0,26854 0.11567 
5 s 4 1 0.333 0.150 0.05020 0.13116 0,23410 o. 39054 0.19400 
5 s 4 2 0.667 0.375 0.03665 0.06477 0.22211 0.51955 0.15693 
5 s ,. 3 1.000 1.000 0.02000 O.J6500 0.24200 0,31400 0.25900 s s 5 1 
s It 5 2 -5 It 5 3 -s 6 1 1 O.Q78 0.044 0.48563 o. 23630 0.13363 0.08181 0.06262 
5 6 1 2 0.157 0.098 0.45572 0,20843 0.17068 0.10699 0.05818 s 6 , 3 0.235 0.234 0.42312 0.24134 0.18807 0.12180 0.02566 s 6 2 1 0.338 0.117 0.15175 0.37015 0.26618 0.12864 0.08326 
5 6 2 2 0.677 o. 406 0.20801 0.46950 0.19948 0.07297 0.05002 
s 6 2 3 1.015 1. 015 0.14778 o. 43842 0.33399 0.06108 0.01872 
5 6 3 1 0.342 0.083 0.09215 0,21078 0.37474 0,21566 0,10667 s 6 3 2 0.683 0.491 0.05591 0.14537 0.49372 0,24078 0.06421 
5 6 3 3 1.02s 1. 025 0,00195 0.01951 0.63610 0.26634 0.07610 
5 6 4 1 0.196 0.055 0,07814 0.13089 0. 22109 0.39544 0.17444 
s 6 q 2 0.393 o. 300 O.C7849 0.12657 0.23678 0.39811 0.16005 s 6 4 3 0.S89 o.soo 0.04097 0.18505 0.20592 0.44009 0.12799 
5 6 5 1 
s 6 s 2 
s E 5 3 
6 1 1 O. 07S 0.43379 0.22268 0,14016 0.11530 0.06876 0.01930 
6 1 2 0.220 0.16752 0.39907 0.24863 0.11143 0.04343 o. 02992 
6 1 3 0.195 0.13080 0.21554 0.36061 o. 15464 0.09030 0.04811 
6 1 4 0.201 0.05422 0.14085 0,21516 0.35589 0,17212 0.06176 
6 1 s 0.113 0.02228 0,08208 0.16872 0.21234 0.32229 o. 19229 
6 2 1 0.314 o. 34550 0.27185 0.21414 0.10491 0.04503 0,01857 
6 2 2 0.312 0.13743 0.43148 0.23907 0.10401 0.06317 0,02485 
6 2 3 o. 407 0,07256 0.22210 0.39864 0.18091 0.08121 0.04458 
6 2 q 0.530 0.04222 0,09366 0.22468 0.39019 o. 18683 0,06242 
6 2 5 0.163 0.06166 0.09134 0.12833 0.20758 0.37379 o. 13730 
6 3 , 0.427 0.49195 0.31293 0.13341 0. 03262 0.01822 0,01087 
6 3 2 0.764 0.18178 0.44725 0.22264 0.10035 0.03832 0.00967 
6 3 3 1. 905 0.04176 0.16806 0.43554 o. 28 453 0.05714 0.01297 
6 3 4 0.585 0.03296 o.o 7822 0,20530 0.39622 0.23256 0.051l74 
6 3 s 0.618 0.01121 0. 02 504 0,10889 0.29889 0.44787 0.10810 
6 4 1 0.276 o. 57242 0.24C89 O.C7940 0.04876 0.03178 0.02675 
6 ,. 2 0.573 0.17539 0.44261 o. 2 336 7 0.10220 0.03103 0.00910 
6 II 3 1. 031 0.05490 0.25118 0.49801 0.12754 0.05179 0.01658 
6 ,. q 0.43S 0.01184 0.03835 0.19696 o. 48022 0.20712 0.06551 
6 q 5 0.181 0.03099 0.08163 0.1 0829 0 .18880 0.46826 0,12205 
6 s 1 0.523 0.43876 0.27691 0.16089 0,06784 0.04399 0.011E1 
6 C 2 1.422 o. 13795 0.44104 0.20944 0.13741 0.06492 0,00922 • 
6 5 3 0.551 0.09121 0.17662 0,43585 0,19069 o. 07481 o. 03083 
6 s q 0.367 0.04723 0,11166 O. 202 OS 0.38143 0.17870 0.07894 
6 5 5 0.126 0.03416 0,05786 0.10001 0.15171 0,50958 0.111668 
6 6 1 0,288 0,36628 0,32940 0.15507 0.07184 0.04391 0.033119 
6 6 2 1.306 0.1 2253 0.38336 0.20704 0.15960 0.10215 0,02491 
6 6 3 0.670 O.011983 O. 1 E241 o. 38738 0.25321 0.11428 0.03288 
6 6 4 0.240 0.05199 0,11545 0,23278 0.33817 0,18122 O.C8039 
6 6 5 0.293 o. 02563 o. 03814 0. 071 04 0.18«i43 0.41301 0.26774 
1 , , 0.086 0.33721 0.31 395 0.2093 0 0.03488 0.03488 0.03488 0.03488 
1 1 2 0.062 0.14851 0,34970 0.17838 0.13223 0.09031 0,07414 0.02673 
7 , 3 0.305 o. 08074 o. 16883 0,311 34 0.22816 0.11541 0.06005 0.03548 
7 1 4 0.336 0.05439 0,09597 0.19744 o. 30768 0.17820 0.11664 0.04970 
7 , s 0.522 0.04951 0.06942 0.13034 0.22840 0.33977 0.13987 0.04268 , 1 6 o. 051 0.07794 0,10779 0,10779 0,14510 0,17288 0.26679 0,12168 
7 2 1 0,181 0.29282 0.21 547 0.171 27 0.12707 0.11602 0.07182 0,00552 
7 2 2 0.364 0,18490 0,36617 0.20168 0,13220 0.07806 0.02325 0.01374 
7 2 3 0.902 0.04212 0,16909 0.49855 0, 18979 0.05528 0.03168 0,01349 
7 2 II 0.308 o. 02650 o. 07714 0.21260 o. 37375 0.16370 0.11250 0.03382 
7 2 s 0,725 0.01116 0,04106 0.07850 0.15092 0.43001 0,20620 0.08214 
7 2 6 0.291 0.02204 0,03853 0.11995 o.14931 0.19166 0.35209 0 .12643 
7 3 1 
7 3 2 0.946 0,15249 0,49188 0.22296 0.05186 0.04023 o. 02142 0.01315 
7 3 3 0.650 o. 023 31 o. 10330 o. 53276 0, 2076 1 0.09527 0.03013 0 .00702 
1 3 II 0.296 0.04726 o. 08 J 43 0.17227 0.30861 0.23086 O.C9995 0,05762 
1 3 s 0.386 0.02683 0.10703 0, 15503 0.23298 0.34492 0.09920 0.03401 
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7 3 6 0.371 0.04289 0.11539 0.13905 0. 111268 0.20515 0.290116 0.06Cf36 
7 Q , 0.112 0.51163 o. 2 5000 0.08140 o. 06977 0.011651 0.02907 0.01163 
7 Q 2 
7 Q 3 1.250 0.02511 0.15990 0.455Cf3 0.20619 0.11430 0.02828 0.01078 
7 Q 4 o.so3 0.03802 0.09717 0.2Cf846 0.33364 0.18376 0.07499 0.02395 
7 .. s 
1 " 6 o. 199 0.02355 0.06201 0.06201 0.07642 0.22054 o. 323 84 0.23160 • 
7 5 1 o.578 0.33737 0. 2 7509 0.111706 0.1090 0 0.07612 0. 011325 0.01211 
7 5 2 0.381 0.14424 0.36685 0.23733 0.09465 0.081190 0.05053 0.02149 
1 C 3 0.101 0.06915 0.20716 0.311526 0.17869 0.13780 0.0 3527 0.02665 -1 s Cf 0.611 0.034112 0. 09940 o. 17296 0.37943 0.19226 0.08702 0.03451 
7 5 5 0.846 0.06676 0.08578 0.12673 0.20227 0.34634 0.15095 0.02116 ' 7 5 6 0.933 0.01715 0.04287 0.05788 o. 24652 0.29904 0.33119 0.00536 
7 6 , 0.289 0.23631 0.18823 0.14Cf72 0.12663 0. 10739 o. 107 39 0.08930 I 

: 7 6 2 0.408 0.091113 0.44221 0.21960 o. 10647 0,06676 0.04632 0.02722 
7 6 3 0.154 0.13275 0.18298 0.26937 0. 17002 0,11614 0,07835 0.05039 I 

7 6 - 0.389 0.02981 o. 11215 0.20141 0. 32919 0.16744 o. 1111112 0.04558 
1 6 5 0.435 o. 03270 0.05252 0.09387 0. 1923 4 0.29583 o. 23258 0.10015 
1 6 6 0.383 0.05278 o. 05363 0.06327 0.12004 0.20758 0.37791 0.12478 • 8 1 2 0.123 0.11382 0.25203 0.19512 0.19512 0.09756 0.09756 0.04065 

I 0.00813 
. 

8 1 3 0.296 o. 05563 0.16119 0.29713 0.19793 0.13967 0.08259 0.044Q1 
0. 02 1 Q4 

8 1 q 0.072 0.04287 0.06150 0.11499 0.28822 0.25986 0.13873 0.06238 
0.031Q4 ' 

8 1 5 0.111 0.03604 o.o5iio5 0.12613 0.20121 0.33333 o. 15315 o. 07207 
0.01802 

8 1 6 O.Q20 o. 03333 0.06667 0.10000 0.16667 0.20000 0.23333 0.16667 
0.03333 

8 1 7 0.420 0.03333 0.06667 0.,0000 0.13667 0.15667 o. 20000 o.~2333 
0.08333 

8 2 2 0.313 0.14025 
0.03720 

0.28869 0.21796 0.12039 0.09288 0.05483 O. Oll777 

8 2 3 o. 875 0.03158 
0.00880 

0.19751 0.35926 o. 20180 0.10765 0.07259 0.02080 

8 2 Q 0.435 0.02950 
0.01129 

0.07375 0.21513 o. 34075 0.21963 0.07787 0.03208 

8 2 5 0.138 0.11291 0.12234 0.16229 0.17010 0.23275 0.09787 0.06338 
0.03832 

8 2 6 0.360 0.02873 o. 06315 0.09739 0.13951 0.221l99 o. 30235 o. 09795 
O. Oil 593 

8 2 7 0.039 0.05128 
0.25641 

0.05128 0.05128 0.05128 0.05128 o. 07692 O. ll1026 

8 3 2 0.822 o. 18622 
0.00577 

0.45598 0.16707 0.1028, o. 05900 o. 01,56 0.00856 

8 3 3 0.836 o.036Q6 0.12190 0.42,39 o. 22780 0.08088 0.05612 0.03248 
o. 01 997 

8 3 Q 0.455 0.01321 o. 0 6078 0.19187 o.38242 0.20194 0.10692 0.03734 
0.(0550 

8 3 5 0.586 o.0091q 0.08865 0.12261t 0.17582 o. 27817 o. 19291 0.09688 
0.03519 

8 3 6 0.982 0.01324 0.06823 0.10591 0.21181 0.24236 o. 26884 0.05357 
o. 03 564 

8 3 7 0.982 0.01321l 0.03564 0.06823 0.10591 0.21181 o. 24236 0.2688Q 
0.05397 

8 Q 2 0.610 0.31311 o. 34098 0.10984 0.07705 0.07705 0.06066 0.011Q8 
o. 00 984 

8 II 3 2.498 0.14105 0.28607 0.40342 0 .11843 0.01892 0.01531 0.01378 
0.00301 

8 Q 4 0.303 0.00990 0.08581 0.23Q32 0.30363 0.16832 0.092111 0.07591 
o. 02 970 

8 Q 5 1.469 0.00971 0.07153 0.14400 0.29082 0.39599 0.07860 0.00702 
0.00232 

8 Q 6 o.331 0.00302 0.00302 0.00906 0.10272 0.111390 0.113202 0.03323 
o. 00302 

8 • 7 0.331 0.00902 0.01302 0.01906 0.10272 0.111000 0.29000 0.41202 
o. 01 Q16 

8 5 2 0.290 o. 121103 
0.01405 

0.37870 0.18963 0.13701 0.07858 0.011211 0.03583 

8 s 3 0.290 0.03583 0.121103 0.37870 0 .18963 0.13701 o. 07858 0.011211 
0.011105 

8 5 q 0.669 o. 04333 0.08799 0.16813 0.31011 0.15792 o. 13271 0.07263 
0.02716 

8 5 5 0.282 0.01556 0.03025 0.15557 0.22988 0.38090 o. 13912 0.03081 
I• 

0.01788 
8 5 6 0.958 0.00209 o. 05950 0.09290 0.10021 0.146111 0.39979 0.141105 

0.05532 
8 5 7 0.958 0.01209 0.04532 0.05950 0.09290 0.10021 o. 111611l 0.39979 

0.111Q05 
8 6 2 0.1152 o. 12832 

0.02212 
o. 2 85110 0.16814 0.15265 0.13938 0.05973 0.011425 

8 6 3 0.328 0.06401l 
0.01507 

0.21549 0.30942 0.19906 0.10492 0.06598 0.02601 

8 6 • 0.565 0.01114 
0.01571 

0.091153 0.18572 0. 29218 0.20667 O. 130C6 0.06397 

8 6 5 0.321 0.02226 0.05703 0.10483 o. 17869 0.117108 0.08713 0.05766 
0.02130 

8 6 6 0.210 o.01oe8 0.01579 0.04866 0.17027 0.24097 0.311701 o. 129311 
0.03707 

8 6 7 0.142 0.00704 0.02113 0.04225 0.056311 0.151193 0.23944 0.27ij65 
0.20423 
3 0.02695 0.12246 O.JC358 0.22512 0.11140 0, 01588 o. 0 3884 0 . 02 105 0 .00873 I• • o. 02950 o. 08649 o. 15213 0.26544 0.2074Q 0.131 90 o. 0 8395 0.031131 0.00882 
5 0.011175 0,06613 0.10970 0.15646 0.26875 0. 20623 0.09710 0.04316 0.01011 

I, 



6 o. 02344 
7 o. 01911 
3 o. 00079 
0.00052 

0.02948 
0.02705 
0.11624 

0.07151 
0.04038 
0.32747 

0. 12776 
0.08806 
0.32065 

o.2oe90 
0.14951 
0.17948 

0.30668 
0.22895 
o. 03332 

0.12875 
0,28517 
o.01758 

0.06366 
0.14303 
0.00210 

0,03981 
0.01874 
0.00184 

4 0.02186 0.02186 0.15301 0.34426 0.30874 0.11202 0.01913 0.00820 0.00546 
0.00546 
S 0.00513 0.03729 0.06463 0.21567 0.27424 0.17434 0.10892 0.06338 0.03947 
0.01693 
6 0.02514 o.03455 o.08847 0.12101 0.21475 o.21a11 o.11616 o.06442 o.03639 
0,01381 . 
7 0.00726 0.06167 0.06771 0.09311 0.17775 0.24426 0.32527 0.01330 0.00605 
0,00363 
8 0.00363 0.00726 0.06167 0.06771 0.09311 0.17775 0.24426 0.32527 0.01330 
0.00605 
3 0.06103 0.13112 0.28951 0.20910 o.11131 0.01512 o.03756 o.03443 o.02661 
0.00626 0,00469 
4 0,03756 0,06103 0.13772 0.28951 0.20970 0.11737 0.07512 0.03443 0.02661 
0.00626 0.00469 
S 0,03443 0.03756 0.06103 0.13772 0.28951 0.20970 0.11737 0.07512 0,02661 
0.00626 0.00469 
6 0,00626 0.03443 0.03756 0.06103 0.13772 0.28951 0.20970 0.11737 0.07512 
0.02661 0.00469 
7 0.00469 0.00626 0,03443 0.03756 0.06103 0.13772 0.28951 0.20970 0.11737 
0.07512 0.02661 
e 0.00469 0.00626 0.02661 o.03443 o.03156 o.06103 o.13112 o.20ss1 0.20910 
0.11737 0.07512 
9 0.00469 0,00626 0.02661 0.03443 0.03756 0.06103 0.07512 0.13772 0,28951 
0.20970 0 .11737 
3 0.03641 0,10922 0.20227 0.15453 0.14401 0.12460 0.07767 0.05583 0,04045 
0.02023 0.01780 0,01133 0,00565 
4 0.02023 0,03641 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 
0.04045 0.01780 0,01133 0.00565 
5 0.01780 0.02023 0.03641 0.10922 0.20227 0.15453 0.14401 0.12460 0,07767 
0.05583 0.04045 0,01133 0.00565 
6 0,01133 0.01780 0,02023 0.03641 0.10922 0.20227 0.15453 0.14401 0,12460 
0.07767 0.05583 0.04045 0.00565 
1 0.00565 0.01133 0,01780 0.02023 0.03641 0.10922 0.20221 0.15453 0.14401 
0.12460 0.07767 0.05583 0.04045 
8 0.00565 0,01133 0.01780 0.02023 0.03641 0.04045 0.10922 0.20227 0.15453 
0.14401 0.12460 0.07767 0.05583 
9 0,00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.05583 0.10922 0.20221 
0.15453 0.14401 0.12460 0.07767 

10 0,00565 0.01133 0.01780 0.02023 0.03641 0.04045 0.05583 0.07767 0,10922 
0.20221 0.15453 0.14401 0,12460 

11 0.00565 0.01133 0.01780 0.02023 0.03641 0.0404S 0.05583 0.07767 0.10922 
0.12460 0.20227 0.15453 0.14401 
3 0,03398 0,10922 0.20227 0.15453 0,14401 0.12460 0.07767 0.05583 0,04045 
0.02023 0.01780 0.01133 0.00565 0,00243 
• 0,02023 0.03398 0.10922 0.20221 0.15453 0.14401 0.12460 0.07767 0.05583 
o.04045 0.01180 0.01133 0.00565 o.002q3 
5 0,01780 0.02023 0.03398 0.10922 0.20227 0.15453 0.14401 0.12460 0,07767 
0.05583 0.04045 0.01133 0.00565 0.00243 
6 0,00243 0,01780 0,02023 0.03398 0,1C922 0.20227 0.15453 0.14401 0,12460 
0.07767 0.05583 0.04045 0.01133 0.00565 
7 0.00243 0.00565 0.01100 0.02023 o.03395 0.10922 0.20221 o.15453 o.14401 
0.12460 0.07767 0.05583 0.04045 0.01133 
8 0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.10922 0.20227 0.15453 
0.14401 0.12460 0.07767 0.05583 0.04045 
9 0.00243 0.00565 0.01133 0.01780 0,02023 0.03398 0.04045 0.10922 0.20227 
0,15453 0.14401 0.12460 0.07767 0.05583 

10 0.00243 0.00565 0.01133 0.01780 0.02023 0.03398 0.04045 0.0S583 0.10922 
0.20227 0.15453 0.14401 0.12460 0.07767 

11 0.00243 0,00565 0.01133 0.01780 0.02023 0.03398 0.04045 0.05583 0.07767 
0.10922 0.20227 0.15453 0.14401 0.12460 

12 0,00243 0,00565 0.01133 0.01780 0,02023 0.03398 0.04045 0.05583 0.07767 
0.10922 0,12460 0.20227 0.15453 0.14401 

1• 
II 
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Table E. 2. Sampl~ Computer Program Output 

DlT! OF STOBft EVENT• 23/ 2/7/1976 IATSE= 70 t!IGTB~ 10 7BlII• 1.988 
STORft EVERT. HOURLY RlIIFltt ACCOBOLITIONS~ 0.007 0.023 0.006 0.622 0.277 
0.012 0.001 0.134 0.764 0.076 

OlTE OF STORft EVEIT~ 17/ 3/7/1976 IlTSE• 8 L!HGTBs 2 
STOBft EVERT BODRLt BlIRFALL lCCOBDLlTIONS= 0.023 o.ooe 

'l'RlII• 0.031 

DlTB OP STOBB EVEIT• 10/ 4/7/1976 IlTSE~ 15 tBIGTR• 4 TBlII• 0.037 
$TORS !YBNT ROOBLY BlINPALL lCCOftULlTIONS= 0.003 0.008 0.021 0.006 

DlTB OP STOBB EVElff• 2Q/ 5/7/1976 IlTSE• 34 tBIGTR• 8 'l'BlII• 1.006 
STOlft BYENT HOOBLt RAI!FlLL ACCO!DLITIOHS• 0.176 0.545 0.188 0.044 0.0 
0.035 O.Q14 0.005 

DlTB OP STOBft !VEIT• 1/ 8/7/1976 IlTSE• 41 t!IGTB• 8 7RlII• 1.097 
STOBB !YENT ROOBLt SlIIPALL ACCOBOLATIOIS= 0.014 0.048 0.012 0.161 o.SQ8 

0.21P 0.069 0.027 

DlT! O? STORB EVEIT• 16/21/ 7/1976 IlTSE• 319 t!IGTB• 4 TRlll• o.,92 
STOBB EVEHT BOORLt RlINPlLL lCCOftOLlTIOBS= O.Q35 0.110 0.038 0.009 

01TB OP STORB EVENT• 21/22/ 7/1976 llTSE• 25 L!BGTB= 8 TRAIi• 0.109 
STOR! !YENT BOORLt RAINFALL ACCOBOLlTIONS= 0.074 0.027 O.O O.Q 0.0 

o.o o.o 0.008 

DlTB OP STOBB EVENT• 18/ 1/8/1976 IlTSE• 229 L!IGTBe 3 Till&• 0.179 
STORft !VEIT BOORLt RlIRPALL ICCOBOLlTIOKS= 0.115 0.041 C.017 

DlTE OP STORft EVENT• 3/ Q/ 8/1976 IlTS!• 54 L!IGTB• 6 TRAIi• o.io9 
STOBB !YBIT BOORLt RlI!PlLL lCCOftOLlTIOIS• O.Q14 0.005 0.123 0.045 0.0 

0.020 

DlTE OP STORB BYEIT• 9/ 5/8/1976 IlTSB= 24 LERGTB• 1 
s,~-a BYBIT BOORLt RlIIPltt lCCOBOLlTIOIS• 0.011 

TBlII• 0.011 

DlT! OP STORB EVENT• 5/11/ 8/1976 IATSB= 139 L!IGTB• 3 TRlll• 0.041 
STOBft !YBBT BOOBLt BlIRPALL lCCU!OLlTIONS• 0.007 O.C09 0.025 

DlT! OP STORft BV!tff• 9/16/ 8/1916 IlTSB• 121 L!IGTB• 3 TRlII• 0.066 
STOBB BVEIT BOORLt BlIIPlLL lCCO!OLlTIOUS• 0.013 0.042 0.010 

DlTB OP STOR! !V!trr• 12/18/ 8/1976 I!TSB0 48 t!IGTB• 5 TB1II• 0.203 
STORR !VEIT HOOBLt BIIIPALL lCCO!OLlTIOIS• O.Q07 O.C19 0.051 0.101 O.Q26 

DlTB OP STOBB EVERT• 13/24/ 8/1976 IlTSB• 140 LBIGTR• 7 ~RlII• 0.286 
STOBB !YBIT BOORLY BlIRPlLL ICCOBULlTIORS• 0.023 0.071 0.019 0.008 0.031 

0.103 0.025 

01TB OP STOBft BYBST• 4/27/ 8/1976 IlTSE• 56 L!IGTB• 3 
STOBft !VEIT SOOBLt BlISPlLL ACCOftOLlTIOWS• 0.051 0.169 0.041 

TBlII• 0.261 

DlT! OP STOR! BVEB~• 22/28/ 8/1976 IATS!• 39 L!IGTB• 5 TRlII• 0.)62 
STOBB EVENT HOURLY RlIIPlLL lCCOftOLATIONS• O.Q06 0.015 0.040 0.080 0.021 

DlT! OP STORft !VEIT• 17/ 4/ 9/1976 IlTSE=- 158 
STOBB EYBAT ROOBLt BlIIPlLL lCCOftDLlTIOHS= 0.03 2 
0.015 o.o o.o o.o o.o o.o o.o o.o 
o.ooe 0.026 0.013 o.008 0.004 0.001 0.039 0.102 
o.oos 0.337 0.2~• 0.134 0.068 0.035 

L!IGTffc 35 
0.098 0.029 
0.025 0.011 
0.046 0.011 

TRlII• 1.471 
0.016 O.OQ9 
0.023 o.o 
0.028 0.012 
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APPENDIX F 

MODEL TEST RESULTS 

H 

Jan-Feb 

B - Hlstorlcal 
G - Generated 

o-t""-----r-----i-----,-----,r------r--------------
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Storm Eveut Duration. lo Hours 

Figure F.1. Hlstorlcal and Generated storm Event Duration Dlstrlbutlons, Perlod 1 
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Figure F.2. Hlstorlcal and Generated Storm Event Duration Dlstrlbutlons, Perlod 2 
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Figure F. 3. Hlstorlcal and Generated Storm Event Duratlon Dlstrlbutlons, Perlod 3 
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Figure F.4. Hletorlc:u and Generattid Storm Event Duratloo Dtstrlbutlons, Period 4 
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ngure F.5. Hlstorlcal and Generated Storm Event Duration Distributlons, Period 5 
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Figure F. 6. Hlstorlcal and Generated Storm Event Duration Dlstrlbutlons, Per lod 6 
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Figure F. '1. Hletorlcal and Generated Storm Event Depth DlstrlbutlC'ne, Perlod 1 
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Flgure F.8. Hletorlcal and Generated Storm Event Depth Dlstrlbutlons, Perlod 2 
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Figure F.9. mstorlcal and Generated Storm Event Depth Dlstrlbutlons, Period 3 
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Figure F.11. Hlatorlcal and Generated Storm Event Depth Dlstrlbutlon.s, Perlod 5 
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Figure F .12. Hlstorlcal and Generated Storm Event Depth Dlstrlbutloos, Period 6 
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Figure F.13. Historical and Generated Storm Event Depth-Duration Dlstrlbutlons, Period 1 
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Figure F, 14, Hlstorlcal and Generated Storm Event Depth-Duration Dlstrlbutlons, Period 2 
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Figure F .15. Hlstorlcal and Generated Storm Event Depth-Dure.tlon Dlstrlbutions, Period 3 
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Figure F .16. Hlstorlcal and Generated Sl.orm Event Depth-Duration Dlstrlbutlone, Perlod 4 

• 



t 
!«? 
ic, 
f,c 

!'° • Mo 
C') 

'3 
8 
1:,; tc, 

1 
1~ uo 
~ 

B 
\ 

G 

Sep-Oct 

H - Historical 
G - Generated 

0 o+-.c..--,----,----....-----------.--------------
10.0 0.o 10.0 20.0 30.0 l&O.O 50.0 60.0 

Storm Event Duratlon, ln Hours 

Figure F .17. Historical and Generated Storm Event Depth-Duration Dlstrlbutlons, Perlod 5 

Nov-Dec 

H - Hlstorlcal 
G - Generated 

0 ·+--:!.----r------.-----------..-----r----------T----0 60.0 10.0 o.o 10.0 20.0 30.0 'lO.O 50.0 
Storm .Event Duratlon, ln Hours 

Flgure F.18. Hlstorlcal and Generated storm Event Depth-Duration Dlstrlbutlons , Perlod 6 
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Figure F. 21. Storm Event Depth Versus Duration at Constant 
Frequency Levels, Period 3 
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Figure F. 22. Storm Event Depth Versus Duration at Constant 
Frequency Levels, Period 4 

168 



3 
Sep-Oct ■ 

&6. Historical A 99% 
al ■□ Generated A 
Cl> 

..c= ■ () 

.9 2 6. 
• t 90% 

B • • □ 
d : 1 6 ~ 

e D 
s... 
0 

&3 

0 
0 5 10 15 20 

storm Event Duration, · Hours 

Figure F. 23. Storm Event Depth Versus Duration at Constant 
Frequency Levels, Period 5 
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