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â, i = 1, 2, 3,—n Coefficients of regression equation 
-2 = average distribution parameter along minor axis of cell (mile ) b̂, i = 1, 2 = Distribution coefficients along minor and major axis (mile CC = (D ) /1.2 One and two-tenths of the maximum major cell axis (mile 

11 TTlciX DMMAJ = (D_.) = Maximum major cell axis (mile) M max J ' DMMIN = (D„) = Maximum minor cell axis (mile) M max E = Eccentricity of the elliptical isohyets defined in Reference (3) F = Triangular distribution density function (I ) = Maximum rainfall intensity at the center of the cell during the cell life (inches/ten-minute) (IQ)t = Maximum rainfall intensity at time t (inches/ten-minute) It = Rainfall intensity at time t (inches/ten-minute) N = Number of observations NT = Total number of raingages r = Distance along the axis from the cell center (mile) R = Correlation coefficient 
# R = Maximum rainfall intensity defined in Reference (3) o 

RN = Uniform random number RNN = Random normal number 2 S = Geometric mean of the semi axes of isohyets t = time (minutes) t̂  = Duration of cell at a raingage (minutes) D 



t = Cell life (minutes) max 
T = t/t = cumulative percent of cell life max 
THETAD = Deviation of cell direction from the wind direction = 0 - 0 

c 
THETAW = Wind direction = 0 (degree) 

w 
V"c = Cell speed (mph) 
_ 
V = Average cell speed (mph) 

V = Wind speed (mph) = VELW w 

VELD = v
c ~ v

w
 = Deviation of cell speed from the wind speed (mph) 

(X, Y) = Coordinates of raingages with respect to cell center (miles) 

V = Dependent variable in regression equation 

XI = t = Cell life (minutes) max 
XMAXI = (I ) = Maximum rainfall intensity (inches/ten-minute) o max 
Z = 2/CC-AA 

e . = residual error 
J 

o = standard deviation of dependent variable 

0 = Cell direction (degrees) 

0 = Wind direction (degree) w 
0 , t = 1 , 2 , — n Cell direction at time t (degree) 



x i i 

ABSTRACT 

The purpose of th i s study was to obtain a bet ter understanding of 

the temporal and s p a t i a l v a r i a b i l i t y of thunderstorm r a i n f a l l and to develop 

a d i g i t a l model for the s tochas t i c simulation of thunderstorm r a i n f a l l 

for the Southeast Coastal Plain areas. 

In the present study r a i n f a l l c e l l s were thoroughly analyzed 

from r a i n f a l l data made avai lable by the Agricultural Research Service, 

U.S. Department of Agriculture. The data source was a dense network of 

raingages located over the L i t t l e River Experimental watershed near 

Tif ton, Georgia. The study area i s monitored by a network of 55 d i g i t a l -

type raingages covering a 250 square mile area. S t a t i s t i c a l properties 

and frequency d i s t r ibut ions of c e l l c h a r a c t e r i s t i c s , such as c e l l duration, 

s i z e , s p a t i a l and temporal d i s t r ibut ion of r a i n f a l l i n t e n s i t y , c e l l 

movement, and number and or ientat ion of c e l l s , were analyzed. 

A conceptual model of thunderstorm r a i n f a l l was formulated from 

the observed storm c e l l charac ter i s t i c s and the parameters of the model 

were evaluated from i so la t ed thunderstorms which occurred in the summer 

of 1967. The model was coded for a d i g i t a l computer and a number of 

r a i n f a l l events were generated by the dynamic model, which i s based on 

the s tochas t i c generation of r a i n f a l l patterns from thunderstorm c e l l s . 

These simulated prec ip i ta t ion sequences preserved certain of the funda

mental s t a t i s t i c s of the h i s t o r i c a l thunderstorm r a i n f a l l records. The 

model was val idated by comparing synthet ic prec ip i ta t ion events with 

events observed on L i t t l e River watershed during the summers of 1968, 
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1969, and 1970. Rainfal l charac ter i s t i c s which are considered to be repre

senta t ive of the most important features of thunderstorm r a i n f a l l were 

analyzed during the model va l ida t ion . For the va l idat ion of the model 

a number of s t a t i s t i c a l r a i n f a l l parameters determined from simulated 

r a i n f a l l , such as frequency d i s t r ibut ion of the maximum amount of r a i n f a l l , 

maximum accumulated r a i n f a l l versus duration of r a i n f a l l at the maximum 

r a i n f a l l raingage, and maximum ten-minute r a i n f a l l i n t e n s i t y , were compared 

with the 1968, 1969, and 1970 h i s t o r i c a l data. In addit ion, r e l a t i o n 

ships between corre lat ion c o e f f i c i e n t s and spacing between the f i r s t and 

the second maximum r a i n f a l l gages, as wel l as time lag of r a i n f a l l between 

them, were derived graphical ly and a comparison was made between the 

simulated and observed r e s u l t s . The performance of the model was considered 

to be success fu l on the bas i s of comparisons made between the observed and 

simulated r a i n f a l l c h a r a c t e r i s t i c s . 

This study has lead to the development of a body of knowledge on 

the c h a r a c t e r i s t i c s of summer thunderstorm r a i n f a l l in the Coastal Plain 

of Georgia. The s i z e , movement, and i n t e n s i t y of r a i n f a l l thunderstorm 

c e l l s has been measured, and a s tochas t i c model has been developed which 

w i l l generate prec ip i ta t ion patterns l i k e those observed by the raingage 

network. The dependence of the charac ter i s t i c s of individual c e l l s on 

the l o c a t i o n , movement, and s i z e of other c e l l s already e x i s t i n g in the 

same general area needs addit ional study. Such a study w i l l require a 

network of gages covering an area larger than that avai lable for the 

current study or a study using radar measurements in combination with 

a raingage network. 
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It i s suggested that the simulation model can be used in con

junction with watershed models for generation of synthet ic streamflows 

and that the knowledge gained through t h i s study w i l l aid in the e f f i c i e n t 

use of water resources throughout the Coastal Plain areas. 



CHAPTER I 

INTRODUCTION 

Objectives 

There are two basic object ives of th i s research. The f i r s t i s to 

gain ins ight into the temporal and s p a t i a l v a r i a b i l i t y of thunderstorm 

r a i n f a l l from analys is of r a i n f a l l data in Georgia. The second i s to 

develop a computer model for the s tochas t i c simulation of thunderstorm 

r a i n f a l l . 

The development of the thunderstorm model i s seen to play a dual 

r o l e : the f i r s t ro le i s to provide a framework for the evaluation of 

quant i tat ive re la t ionships among a large number of parameters useful in 

describing thunderstorm r a i n f a l l . The second role of the model i s to 

generate surface r a i n f a l l patterns that may be useful in studies which 

trace r a i n f a l l through the land phase of the hydrologic cyc l e . 

I t has become c lear ly evident in recent years that information 

on the temporal and spa t ia l var iat ion of prec ip i ta t ion i s needed on a 

small sca le (micro-scale) . There are several reasons why such information 

i s needed, but most of these can be re la ted , in one way or another, to 

the various f i e l d s of study dealing with the transport of matter through 

the biosphere. Regardless of whether one i s concerned with the transport 

of p a r t i c l e s from the atmosphere to the earth or with the movement of 

chemicals in so lut ion or p a r t i c l e s in suspension in stream channels and in 

s o i l moisture, or whether one i s concerned with only the movement of water 



itself a knowledge of high intensity rainfall and its microscale variation 

is needed. This is particularly true in the field of urban hydrology and 

urban storm drainage. National studies by the American Society of Civil 

Engineers (1), the U.S. Geological Survey(39), and the Office of Water 

Resources Research(49) have continually placed the need for additional 

knowledge of high intensity, short duration rainfall in a position of 

high priority on lists of needed research. The primary use of such 

information is expected to be in the development of water drainage systems, 

watershed models, and also in the application of models for synthesizing 

streamflow. Many different hydrologic models now in use could employ a 

rainfall model to generate temporal and spatial varying input data. 

Justification 

There is a need for detailed knowledge of thunderstorm rainfall. 

For example, the temporal and spatial distribution of rainfall has a very 

strong influence on the accuracy of the computation of storm runoff, the 

rate of which may be strongly affected by high intensity and short duration 

rainfall. The areal distribution of rainfall over long periods of time 

(months, years) and the time distributions of point rainfall data have 

been studied by many investigators in the past. However, the areal 

distribution of precipitation for short time intervals have not been 

investigated in these studies. The need for such investigations has been 

recognized in recent years. This need has been stated by Eagleson(23), 

Huff(32,33), and Amorocho(2). 

More recently, the recommendations(35) made at the Engineering 

Foundation Research Conference in 1968 indicated that research is needed 



on the c h a r a c t e r i s t i c s of thunderstorm r a i n f a l l . These recommendations 

are p a r t i a l l y quoted below: 

Research i s part icu lar ly needed in developing s tochas t i c 
models of p r e c i p i t a t i o n , both in time and space; including 
thunderstorm and cyclonic models, and perhaps others; and 
method of use should be s t res sed , e i ther in ra infa l l -runof f 
models or in design method for small urban bas ins . 

The need for information on prec ip i ta t ion patterns and for simu

l a t i o n models for the study of r a i n f a l l patterns has been placed in a 

pos i t ion of high pr ior i ty by recent national studies.(1,35,39) 
The fol lowing quotes from these s tudies convey the need for data 

c o l l e c t i o n and modeling of small sca le prec ip i ta t ion patterns . 

Analysis of time and space var iat ions of r a i n f a l l in metro
p o l i t a n - s c a l e storms, part icular ly thunderstorms, should 
be i n i t i a t e d very soon, using a l l avai lable pertinent data. (1,39) 
The storm pattern w i l l most l i k e l y be p r o b a b i l i s t i c , syn
t h e t i c storm patterns founded on the charac ter i s t i c s of 
actual storm h i s t o r i e s . (35,39) 

The input for the water cycle i s p r e c i p i t a t i o n , and l i t t l e 
i s known about i t in the urban c o n t e x t . . . a form of h i s t o r i c a l 
storm data i s needed as input for planning, development and 
management.(1,39) 
For large urban areas , spa t ia l and temporal r a i n f a l l var ia 
t ions may be very important. Hence, a simulation model 
must be able to u t i l i z e a l l avai lable prec ip i ta t ion data 
to simulate the e f f ec t of these var ia t ions . (39) 

Storm t o t a l i t y in time and space i s required, not merely a 
measure of, say, the maximum in tens i ty at a point for a 
given storm.(39) 

The above recommendations were i n f l u e n t i a l in the development 

of the research presented in th i s study. 



Methodology 

Convective c i rcu la t ion u n i t s , ca l l ed r a i n f a l l c e l l s * , are the 

fundamental components of the model developed in t h i s i n v e s t i g a t i o n . The 

model i s based on the s tochas t i c generation of r a i n f a l l patterns associated 

with these convective u n i t s . The purpose of the model i s to simulate 

prec ip i ta t ion sequences which preserve certain of the fundamental s t a t i s t i c 

of the ava i lab le h i s t o r i c a l thunderstorm r a i n f a l l records. 

The model s imulates , in a Lagrangian reference frame, the c e l l 

s i z e , the d i s t r ibut ion of prec ip i ta t ion throughout the c e l l , the c e l l l i f e 

duration, the d irec t ion and speed of c e l l movement and the number and 

locat ion of c e l l s in a storm. The s t a t i s t i c a l charac ter i s t i c s of the 

model parameters were studied to develop a representation of the para

meters that best f i t observation on the L i t t l e River Experimental water

shed at Tif ton, Georgia. In the operation of the model, a sequence of 

input parameters i s s t o c h a s t i c a l l y s e l ec ted such that certa in of the 

fundamental s t a t i s t i c s of the avai lable h i s t o r i c a l record are preserved. 

Parameter evaluation i s based on data from thunderstorms which occured 

over the L i t t l e River watershed in the summer of 1967. The model i s 

val idated with the r a i n f a l l data from the Tifton network which was 

co l l e c t ed during the summers of 1968, 1969, and 1970. Four years of data 

were c o l l e c t e d by the Agricultural Research Service of the U.S. Department 

of Agriculture. 

*Small p r e c i p i t a t i o n areas characterized by e l l i p t i c a l i sohyets and high 
temporal and s p a t i a l i n t e n s i t y gradients on the ground surface are 
defined as c e l l s . 



The r e s u l t s of the study should provide an important advance in 

the understanding of the pattern of thunderstorm r a i n f a l l in the Coastal 

Plain area, part icu lar ly in view of the scarc i ty of knowledge currently 

ava i lab le . 



CHAPTER II 

LITERATURE SURVEY 

Introduction 

A survey of literature was conducted to determine the relation 

between previous studies and the current study. The relavent previous 

works are given in the References. Only a small number of studies con

cerned with temporal and spatial simulation of rainfall were found. In 

the following discussion only a brief summary is presented, because in 

most cases the investigations were quite involved and inclusion of many 

details would obscure the relationship to the current work. 

The first detailed study of thunderstorm activity may be attributed 

to the Thunderstorm Project (12). During the period July, 1945 through 

May, 1949, four government agencies - U.S. Air Force, Navy, National 

Advisory Committee for Aeronautics, and Weather Bureau - cooperated in a 

project to study the internal structure and behavior of thunderstorms. 

Following the cessation of World War II, the sponsoring agencies were able 

to mount a project that remains to this day as one of the important 

investigations in meteorological research. Much of the information sum

marized in the following paragraphs was developed as part of the Thunder

storm Project. 

Definition of Thunderstorm Cell 

Convective overturning results as the atmosphere becomes unstable, 



and may lead to the development of units of convective c i r c u l a t i o n . These 

convective c i rcu la t ion units usual ly form a regular pattern within a 

thunderstorm. The convective u n i t s , which are sometimes ca l led c e l l s by 

meteoro log is t s , can be detected on a radar scope and the prec ip i ta t ion 

resu l t ing from these units can be observed as i sohyets on the ground sur

face . This leads to the fundamental concept that in the thunderstorm 

there are a number of convective units having s imilar propert ies and 

charac ter i s t i c s which are capable of analys is as a c l a s s of convective 

phenomena. 

Use of the term c e l l as applied to these individual convection 

units i s not new; many previous inves t igators have indicated that there 

are subdivis ions or regions of loca l i zed convective a c t i v i t y within a 

thunderstorm. However, there i s some confusion concerning the meaning of 

th i s term. Various de f in i t ions of c e l l s refer to d i f ferent meteorological 

uni ts which range in s i z e from a s ing l e cumulus cloud to a large thunder

storm. 

During a storm period there may be more than one c e l l un i t , each 

of which may be dependent or independent of surrounding c e l l s in the same 

storm. The number of c e l l s depends on the type of thunderstorm and a l so 

upon the physiographic charac ter i s t i c s of the region. It has been found 

that there i s a sequence of irregular motions of the a i r , or turbulence, 

within the storm area. This motion can be separated into two c l a s s e s , 

drafts and gusts . Drafts are by far the more important as far as thunder

storms are concerned, s ince they make poss ib le the principal energy re leas 

of strong convection within the storm area. 



Each c e l l unit during the period of storm a c t i v i t y may be in 

d i f ferent s tages of development at any one ins tant . The boundaries of 

the c e l l are i d e n t i f i e d as narrow zones of inact ive or nonturbulent cloudy 

a i r . The d i rec t ion of the a ir motion large ly depends upon the stages of 

development of the c e l l . In early stages of development a ir motion i s 

upward and during the l a t e r stages i t i s predominantly downward, p a r t i 

cularly where rain develops. 

Stages of Development of Thunderstorm Cell 

The deta i l ed and comprehensive observations made by the Thunder

storm Project have permitted the i d e n t i f i c a t i o n and study of c e l l s and 

measurement of the duration of c e l l l i f e . Through th i s and other 

s imi lar s tudies i t has been found that there are three stages in the l i f e 

of a c e l l . The stage i s determined by the magnitude and d irec t ion of 

the predominating v e r t i c a l motions during the l i f e cycle of a c e l l . These 

stages are: 

(1) The cumulus stage - updraft a ir throughout the c e l l 

(2) The mature stage - presence of both updrafts and downdrafts 

and heavy rain at the surface 

(3) The d i s s ipa t ing stage - weak downdrafts throughout the c e l l 

As a summary, i t can be concluded that during the cumulus stage of 

c e l l development updraft causes the c e l l cloud to extend in he ight , 

a ir flows in through the s ides and mixes with the updrafts. I t i s d i f f i c u l t 

to give a d e f i n i t e time duration for th i s stage but i f the duration i s 

recorded from the time of the i n i t i a l detect ion of the radar echo, i t may 

be ten to f i f t e e n minutes. When rain begins heat i s given up by the a ir 
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as the falling water evaporates, and the density of air increases. 

This initiates a downdraft in part of the cell region which was previously 

updraft and is the start of the mature stage of development. The occur-

ance of precipitation on the ground surface is a signal for the beginning 

of this stage. As the rainfall continues throughout the mature stage, 

the downdraft area increases in size until it extends over the entire cell 

This is considered to be the beginning of the dissipating stage or the 

end of the mature stage. The mature stage exists for a period of fifteen 

to thirty minutes and the cell in this stage reaches its greatest height, 

normally about 40,000 feet. 

Cell Characteristics 

A first appearance of a cloud cell on radar is quite sudden. A 

thunderstorm first appears as a small and isolated cell and then develops 

rapidly. G. R. Hilst and G. P. MacDowell (31) studied the rate of 

growth of precipitation cells and observed that the rate of horizontal 

growth was remarkably uniform and the vertical growth was rapid. Various 

other studies of cell growth, such as those by E. J. Workman and S. E. 

Reynolds (54), have indicated different growth rates. The study of a 

large number of observations made during the Thunderstorm Project has 

shown that, at least statistically, the maximum horizontal diameter of 

a convective cell has the same order of magnitude as the vertical extent. 

A somewhat similar investigation which was carried out by D. R. 

Mather (38) and by H. B. Brooks (10) indicated that as a convective cell 

increases in horizontal dimension it also increases in vertical extent. 

The mean precipitation echo diameter ranged from about one to thirteen 



miles in Mather's study and from one-half mile to forty miles in H. B. 

Brooks' i n v e s t i g a t i o n . Two miles was the most frequent s i z e , while four 

and one-half miles was the average. On the bas i s of radar inves t igat ions 

made by Byers (13) , Newton and Frankhauser (41) , Braham (8 ) , and Clark 

(19) , indiv idual r a i n c e l l s of medium s i z e thunderstorms ranged in s i z e 

from one to twenty miles with an average diameter of four and one-half 

mi l e s . 

I t was found that the r a i n f a l l pattern over a ground surface follows 

c lo se ly the arrangement of the c e l l s in the storm and r e f l e c t s , to a 

considerable extent , the various s tages of development. Correlation 

of the observations a l o f t and at the surface shows that the rain at the 

surface i s in the downdraft area of the c e l l . Figure 1 shows a typ ica l 

r e l a t i o n between radar echo and surface r a i n f a l l . The f i r s t rain reaching 

the ground i s l imited in area to a few square mi les . Later, as the c e l l 

develops, the rain area expands with the increase of the downdraft with 

which the rain i s assoc ia ted . 

The number of c e l l s developed within a thunderstorm depends on 

the region under study. In some regions , such as the New Mexico area 

studied by Workman and co-workers (53) , s i n g l e i so la t ed thunderstorm c e l l s 

are common. In some humid areas , such as the eastern and southern U.S . , 

a s i n g l e c e l l e d thunderstorm i s comparatively rare and when i t occurs i t 

i s general ly weak. Usually a thunderstorm cons i s t s of a group of three 

or more c e l l s adjacent to each other. Several s tudies (17,46) have shown 

that the number of ac t ive c e l l s per thunderstorm may vary from one to 22. 

Another parameter of in t eres t i s the duration of r a i n f a l l . In the 

R. R. Braham (8) study, the r a i n f a l l duration from a c e l l was determined 
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from an analysis of the isohyetal patterns for the accumulated rainfall 

during five minute periods. The average duration of cell rainfall was 

found to be 23 minutes. It was found that the duration of moderate or 

heavy rain from a single cell may vary from a few minutes for short lived 

cells to an hour in a large active cell. The average duration of cells 

observed by radar was found to be 20 to 30 minutes with a maximum life 

of about 90 minutes. 

At a fixed point on the ground the duration of rain depends on 

several factors such as number of cells, size of the cells, rate of storm 

movement, and the direction of cell movement. According to the Thunder

storm Project report, the average duration of rain cells for 16 Florida 

storms was 27 minutes. For 11 storms in Ohio (18), it was 24 minutes. The 

average duration of rain from single cells of Ohio storms was 23 minutes. 

A problem which frequently arises in dealing with the duration 

of a convective rain cloud is the fact that the convective cells tend to 

merge as they move along and develop. L. J. Battan (5) investigated the 

duration of individual radar cells which did not appear to merge with 

any other cell during their lifetime. The data indicated that maximum 

duration of radar cells was equal to about 40 to 45 minutes. However, 

the duration of an extremely large cell which forms part of larger thunder

storms may exceed 45 minutes. These results were confirmed by work of 

Workman and Reynolds (54) and M. Satman (46). 

The variation of rainfall with the life of the cell was studied 

by R. R. Braham (8). In his study, the cumulative percentage of total 

rainfall was plotted against the cumulative percentage of cell duration. 



From the p l o t , i t was observed that the rate of accumulation of rain from 

a c e l l i s greates t during the interva l from 20 percent to 40 percent of 

storm c e l l duration. This may be compared with the r e s u l t s of a s imilar 

analys is made by the Thunderstorm Project , which showed that the maximum 

rate of rain at a s t a t i o n as a thunderstorm c e l l passes overhead occured 

in the f i r s t two five-minute periods of r a i n f a l l . The most intense rain 

occurred under the center of the c e l l within a few minuts af ter the f i r s t 

measurable rain from the c e l l reached the ground. This corresponds to the 

beginning of the mature s tage , and the rain remains heavy for a period of 

f ive to f i f t e e n minutes. Then the r a i n f a l l rate decreases , but much more 

slowly than i t f i r s t increased. The Thunderstorm Project publ icat ion has 

reported the same conclusion and noted that the major portion of the ra in

f a l l occurs in the early part (10 to 15 minutes) of the rain period. 

R. R. Braham (8) a l so invest igated the re la t ion between the maximum 

area covered by r a i n f a l l at any one time from a s ing le c e l l against the 

t o t a l r a i n f a l l . I t was s tated that there i s much greater var iat ion in 

the t o t a l amount of rain than in the maximum area covered, s ince the 

accumulated r a i n f a l l depends on duration of the c e l l as wel l as c e l l s i z e . 

From these data, the average c e l l was found to cover a maximum area of 

e ight square miles at any one time with values ranging from l e s s than 

one up to 30 square mi le s . 

In the above d iscuss ion , most of the findings were for a s i n g l e , 

i so la ted c e l l for any one storm. However, new c e l l s frequently form adjacent 

to those which have already developed. As a consequence of t h i s , the 

passage of several c e l l s over a given s t a t i o n , or the tendency of c e l l s to 



merge as they move along, causes a great variation in the rainfall at a 

station and also in the rainfall duration. It has been stated by many 

authors that new cell developments take place around the initial cells. 

Many studies have been made in the past and recent years to find 

the relation between the movement of thunderstorm echoes and the winds. 

The conclusion of the various studies differs in detail because of the 

loose terminology which is used to describe thunderstorm movement. The full 

discussion of the detailed findings by several authors is omitted at this 

point in the study because of the divergence in the results. However, 

some general results of previous storm movement studies on the speed and 

direction of cell trajectories and on similarities and differences in 

movement are explained in the last part of Chapter III. The reader may 

refer to Brooks (10), the Thunderstorm Project (12), Newton and Fankhauser 

(41), J. Charba, and Y. Sasaki (18), J. C. Frankhauser (23), M. G. Ligda 

(36) for detailed analyses of thunderstorm movement. 

The above literature review summarizes the analysis of weather radar 

and surface rainfall data made by several investigators. The conclusions 

derived from the above studies played an important role in the formulation 

and development of the rainfall model described in subsequent chapters of 

this study. 

Related Current Research 

An intensive literature review has also been conducted to determine 

the relation between recent studies and the present study. Only a small 

number of current studies concerned with temporal and spatial simulation 

of rainfall were found. 



The meteorologists of the Travelers Research Center undertook a 

br ie f , crash study of the subject , with par t ia l support of the Office of 

Water Resources Research (OWRR). A report on t h i s study (48) writ ten by 

A. Thomasell and e n t i t l e d "Rainfall Var iab i l i ty Research for Urban 

Drainage Problems" was based on the work of the Travelers Research Corpor

at ion for the American Society of Civ i l Engineers. The Travelers Research 

Corporation u t i l i z e d an "Objective Analysis Technique"* to develop a 

runoff model that leads to an assessment of the temporal and s p a t i a l 

v a r i a b i l i t y of prec ip i ta t ion . The inves t igators suggested that the model 

could be useful both for the daily operation of urban water drainage systems 

and for the design of new systems. Emphasis i s placed on t rans ferab i l i ty 

of the re su l t s to as many locat ions as p o s s i b l e . In the report, a research 

program i s out l ined , but how one goes about defining the probabil i ty of 

various configurations of the prec ip i ta t ion pattern as a function of time 

throughout a drainage area was not mentioned. 

Amorocho and Shack developed a simulation of a cyclonic storm and 

presented i t at the 51st Annual Meeting of the AGU in Washington, D.C. 

Since th i s paper has not been published, i t could not be used for th i s 

study. In another thunderstorm research project D. Amorocho and D. Morgan 

(3) invest igated convective storm c e l l s , the frequency d i s tr ibut ions of 

c e l l parameters, and r a i n f a l l i n t e n s i t i e s in the s t a t e of Arizona. The 

modeling process adopted in th i s project involved three steps which are 

stated as : 

*An object ive analys is technique i s a method for interpolat ing at regular 
gridpoints from observations made at random locat ions in space and/or 
time. See reference (49) . 



1. Simulation of a sequence of thunderstorm occurances 

2. Simulation of t o t a l storm p r e c i p i t a t i o n , duration and surface 
area from the Weinstein-Davis convective model 

3. Simulation of storm f i e l d s by producing i sohyeta l maps which 
were p lo t ted by computer. 

The r e s u l t s of the f i r s t part of the study showed that the number 

of thunderstorms which occur in a region i s equal at a l l the s i t e s 

in the region over a period of time, and that the frequency d i s tr ibut ions 

of thunderstorm h i t s for the s ta t ions within an area of 7100 square miles 

have s imi lar parameters. 

In the third modeling process adopted by Amorocho, a new procedure 

was developed for s imulation. A re la t ionsh ips was found between the 

maximum i n t e n s i t y in the c e l l and the i n t e n s i t i e s at surrounding po in t s . 

From the analys i s of individual c e l l s , a b ivar ia te Gaussian d i s tr ibut ion 

was found to represent the general pattern of storm p r e c i p i t a t i o n . The 

i sohyeta l maps were drawn for each f ive minute interva l during storms by 

computer on the bas i s of the Walnut Gulch Watershed data. A s imilar 

approach has been discussed by Court (1961) for the storm events in eastern 

and southern United States . The equation used by Amorocho to represent the 

r a i n f a l l i n t e n s i t y at the ground surface referred to the point of maximum 

r a i n f a l l i n t e n s i t y ( R q ) as wel l as the eccen tr i c i ty of the e l l i p t i c a l isohyet 

( E ) , and the geometric mean of the major and minor semi-axes of the 
2 

i sohyets (S ) . These parameters, E , S and R q , define the surface of a 

b ivar ia te Gaussian d i s tr ibut ion and were estimated from the i sohyeta l map 

values from a l e a s t square f i t of the i n t e n s i t y surfaces . A set of these 

parameters was obtained for each time i n t e r v a l . An attempt was made to 



represent the ent i re l i f e cycle of a c e l l by three functions E ( t ) , S ( t ) , 

and R ( t ) . These were assumed to be random functions for the universe of o 

c e l l s . Because an i n s u f f i c i e n t number of c e l l s were analyzed in that study, 

the frequency d i s t r ibut ions of the functions with respect to time were 

not e s tab l i shed . Only a parabolic f i t for the maximum i n t e n s i t y of ra in

f a l l at the c e l l center for a l l the i n t e n s i t y values was included in the 

simulation process , and E ( t ) , and S(t) were assumed to be constant for the 

l i f e of a given c e l l . The values of these l a s t two quant i t ies were adjusted 

u n t i l the simulated volume of prec ip i ta t ion equaled the value given by 

the Weinstein-Davis convection model, a meteorological model based on 

atmospheric thermodynamics and an equation of v e r t i c a l motion. 

I t should be stated that the frequency d i s t r ibut ions of c e l l para

meters such as e c c e n t r i c i t y , geometric mean of the major and minor axes , 

and maximum c e l l center in tens i ty are actual ly not constant for the l i f e 

span of a c e l l and that the r a i n f a l l in t ens i ty of a c e l l cannot be 

approximated by a s ing le parabola over a l l the range of i n t e n s i t i e s . 

Parameters s imi lar to the ones mentioned in the above paragraph are studied 

in more d e t a i l in Chapter III of the present study. It should be noted 

that the development of new c e l l s , the or ientat ion of multiple c e l l s with 

respect to e x i s t i n g ones, and the motion (direct ion and speed) of the 

c e l l s and the ir dependance on the prevai l ing winds a lo f t were not 

invest igated in the Amorocho study. 

The s tochas t i c r a i n f a l l generating model developed by D. D. Franz 

(25) i s l imited to a three s ta t ion network of hourly r a i n f a l l data in 

northern California where the major r a i n f a l l type i s orographic fronta l . 



Another study on spatial and temporal distribution of thunderstorm 

rainfall for southeastern Arizona was reported by H. B. Osborn and L. J. 

Lane (42). An oral presentation of part of their work was given at the 

Symposium on Statistical Hydrology in Tucson, Arizona, 1971, but the 

details were not available to the writer. 

In a recent report published by W. M. Grayman and Peter S. Eagleson 

(28), meteorological events were classified by the scale or level of the 

event, one of their models simulates the two major sections of a cyclone 

(prewarm frontal and cold front). A second model is used to simulate a 

squall line. Storm types such as air mass thunderstorms and orographic 

storms were not modeled in that study due to the lack of required data for 

the Boston area. Their models were based on data collected by radar in 

which the storm characteristics were viewed in a Lagrangian frame of refer 

ence. The statistical characteristics of these storms, such as size, 

intensity, duration, average number of cells present at one time and the 

direction and speed of activity movement, were determined for the climatic 

macro-scale, and mesoscale and microscale levels of activity. The largest 

scale was the climatic scale. Progressing downward in size, the synoptic 

or macro-scale came next. The next level was the mesoscale which Austin 

defines as having an area between 25 and 5,000 square miles. This scale 

is almost of the same order of magnitude in size as most catchment areas 

of interest to engineers. The next smaller scale is the microscale or 

cellular. The term "meso-meteorological" has been used to designate storm 

structure having space and time scales somewhat between the microscale and 

the mesoscale. This definition would include thunderstorms, squall lines 

and tornados. 



R a i n f a l l on t h e macro and meso s c a l e s h a s b e e n s t u d i e d e x t e n s i v e l y 

f o r many y e a r s . A n a t i o n a l ne twork of p r e c i p i t a t i o n gages h a s been 

e s t a b l i s h e d , and t h e body of knowledge h a s been an i n v a l u a b l e a s s e t t o 

t h e n a t i o n i n t e r m s of t h e l a r g e s c a l e v a r i a t i o n s i n p r e c i p i t a t i o n . How

e v e r , t h e i n f o r m a t i o n g a t h e r e d i n t h e p a s t h a s been r e g i o n a l i n c h a r a c t e r 

and on a s c a l e of many h u n d r e d s o r t h o u s a n d s of s q u a r e m i l e s . I t h a s 

become e v i d e n t i n r e c e n t y e a r s t h a t i n f o r m a t i o n on t h e t e m p o r a l and s p a t i a l 

v a r i a t i o n of p r e c i p i t a t i o n i s needed on a much s m a l l e r s c a l e . A l t h o u g h , 

t h e m i c r o s c a l e c h a r a c t e r i s t i c s of s t o r m s have been s t u d i e d w i t h i n t h e l a s t 

2 0 y e a r s , i n a l l t h e s e s t u d i e s g e n e r a l l y o n l y one c h a r a c t e r i s t i c of r a i n 

f a l l , e i t h e r t e m p o r a l o r s p a t i a l d i s t r i b u t i o n , ha s been a n a l y z e d . 



CHAPTER III 

CHARACTERISTICS OF THUNDERSTORM RAINFALL IN LITTLE RIVER WATERSHED 

Character is t ics of Prec ip i ta t ion in Georgia 

On the bas i s of causative factors prec ip i ta t ion may be divided into 

three types , namely, convect ive , orographic, and advect ive . Thunderstorm 

r a i n f a l l , with associated thunder and l ighten ing , i s one type of pre

c i p i t a t i o n assoc iated with strong convective a ir mass movement. Several 

types of thunderstorms have been recognized by meteorologis ts . The 

d i s t i n c t i o n between types has been based on the act ions of the a ir masses* 

in which the storms occur. These types include: 

1) Local convection (also know as "air mass thunderstorm") 

2) Frontal type 

a) Those associated with a warm front 

b) Those associated with a cold front 

3) Squall l i n e thunderstorm 

The propert ies of thunderstorms are such that they may be d i s t i n g 

uished on radarscopes. On a p lan-pos i t ion indicator scope, on which the 

return pulse from a radar s ignal i s presented, thunderstorms are 

characterized by the tendency toward oval shape, high i n t e n s i t y , and 

high i n t e n s i t y gradients of the radar s i g n a l s . On a range-height indicator 

scope they are characterized by the ir v e r t i c a l extent and f a i r l y uniform, 

*The term "air mass" i s applied to a portion of the atmosphere that has 
remained nearly stat ionary over an extensive area of comparatively uniform 
charac ter i s t i c s u n t i l i t has acquired an approximate horizontal homo
geneity of such properties as temperature, moisture, and the ir v e r t i c a l 
gradients . 



high i n t e n s i t y radar s ignal over a r e l a t i v e l y narrow v e r t i c a l column. Since, 

by d e f i n i t i o n , a convective cloud does not become a thunderstorm u n t i l 

thunder i s heard or l ightning i s seen one cannot be certain that a given radar 

echo from a convective c e l l i s a "thunderstorm". Nevertheless , i t i s 

safe to assume that an echo whose top has grown rapidly to over 25,000 

or 30,000 feet i s a thunderstorm. 

In summer, two di f ferent thunderstorm d i s t r ibut ion patterns can be 

recognized on long range radar scopes. One cons i s t s of an irregular spacing 

of a ir mass storms, and the other type cons i s t s of a l i n e of thunderstorms 

which usually runs p a r a l l e l to the low l e v e l wind. In low la t i tudes and in 

the t r o p i c s , the a ir mass thunderstorm i s predominant. In middle l a t i t u d e s , 

l i n e s of thunderstorms are most frequent. Frontal thunderstorms develop 

as warm a ir advances over cold a ir (warm f r o n t ) , or they develop in front 

of a cold a ir mass (cold f r o n t ) . 

In a discuss ion of thunderstorms in Georgia, H.A. Scott (47) reported, 

"Apart from the trop ica l disturbance, the main r a i n f a l l producer during 

summer months in Georgia i s the thunderstorm. Convective act ion i s at 

i t s highest during the warm season and the cyclonic movement i s weak." 

He s t a t e s further, "the thunderstorm, being the resu l t often of purely 

l oca l convective ac t ion , a f f ec t s only a l imited area, and we have therefore 

at times s i n g l e , i so la t ed heavy downpours and at others a s e r i e s of 

l o c a l l y heavy showers." 

Personal communication with meteorologists at the U.S. Weather 

Bureau in Atlanta and study of reports on thunderstorm a c t i v i t y in 

Georgia (44) have confirmed that summer thunderstorms in th i s region are 



typically air mass thunderstorms. These storms characteristically generate 

intense rainfall within a short period of time and the rainfall has a 

highly variable areal distribution. Convective rains are frequent in 

southern Georgia during the summer months, especially in July and August. 

The monthly precipitation distribution for June, July and August at 

Tifton, Georgia, is shown in Figure 2. Monthly precipitation for these 

three months as recorded during 1967, 1968, 1969, and 1970 and the normal 

monthly precipitation (1931-1960) for each month of the year are tabulated 

in Table 1. From observation of the table, it can be concluded that, on 

an average, one-third of the annual average rainfall comes during the 

months of June, July, and August. Thiry years of records at the Georgia 

Coastal Plain Experimental Station at Tifton showed that average annual 

rainfall is 45.71 inches and that the month of greatest rainfall is July 

with 6.30 inches. There is a very pronounced maximum and minimum in 

the seasonal distribution. Maximum rain occurs in mid summer. The average 

monthly rainfall for July is more than three times that for either October 

or November. The differences in rainfall during these three months were 

sporadic for the years 1967 to 1970. See Table 1. 

No data is available on the average number of thunderstorm days 

at Tifton. However, such data is available for Atlanta, which is 183 

miles north of Tifton. According to the U.S. Weather Bureau an average 

of about 59 thunderstorm days per year has been recorded in the vicinity 

of Atlanta, Georgia. During the period 1904-1943 there were 2348 thunder

storm days, and 534 of these occurred in July, the month with the highest 

number of thunderstorms. (See Table 1, pp. 8 in the Thunderstorm Project 



23 

• H 
4-> 

• P 
• H 

& 
• H 

U 
<D 
J-l 

CM 

4 J 
C 
o 

s 

Jan Feb Mar Ap May Jn Jul Aug Sep Oct Nov Dec 
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Table 1. Monthly Precipitation Averages at Tifton, Georgia (in inches) 

Year J F M A M 

1967 

1968 

1969 

1970 
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J J A S O N D Three 
Month 
Total 

Yearly 
Total 

(3.05)* 
7.16 

(-2.83)* 
3.47 

(-3.44)* 
1.58 

(-3.22) 
12.21 

(-7.62) 
38.09 

(-2.39)* 
1.72 

(-0.98)* 
5.32 

(+1.98)* 
6.92 

(-1.44) 
13.99 

(-7.55) 
38.16 

(-2.67)* 
1.44 

(2.26)* 
8.56 

(2.23)* 
7.25 

(1.82) 
17.25 

(.68) 
46.39 

(-2.18)* 
1.93 

(.01)* 
6.31 

(6.06)* 
11.08 

(3.89) 
19.32 

(8.58) 
54.29 

4.11 6.30 5.02 3.74 2.08 1.80 3.23 15.43 45.71 

*Deviation from the normal precipitation 
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Report.) The summer thunderstorms were most frequently late afternoon 

storms with high rainfall intensity. 

Moisture, one of the primary requirements for the occurance of 

thunderstorms, is drawn into the study area from the Gulf of Mexico and 

the Atlantic Ocean. The Tropical Gulf (Tg) and the Tropical Atlantic Air 

Masses (Ta) are of primary importance to this region, especially during 

the summer months. In spite of different life histories and movement, 

the two tropical air masses which are predominant are so similar that 

they can scarcely be distinguished from each other. The symbol "Tin" is 

used to represent the tropical maritime air mass from either source region. 

Two factors make the development and movements of Ta and Tg air masses 

much more favorable in summer. First, there is the development of a 

low pressure area over the interior of North America; second, there is 

the development of an area of high pressure over the western Atlantic Ocean. 

These two factors combine to produce a pressure gradient from the Ocean 

toward the southeastern United States. Such a condition is illustrated 

in Figure 3, a surface synoptic map for the date of July 7, 1967. The 

meteorological conditions depicted on this map are typical of those which 

occur during the summer months when thunderstorm activity is highest. 

Data Collection 

The Agricultural Research Service (ARS) of the U.S. Department of 

Agriculture is conducting an intensive hydrologic investigation (30) on 

the Little River watershed near Tifton, Georgia. The watershed is located 

in the Southern Coastal Plain approximately 120 miles from the Atlantic 

Ocean and 90 miles from the Gulf of Mexico. The ARS has been collecting 
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rainfall data from the Little River Experimental watershed since 1966, 

and four years of data were available for the current thunderstorm study. 

Fifty-two raingages were put into operation in 1967, six more gages 

were installed during the summer of 1967 in an adjacent urban watershed, 

and three gages were terminated in June of 1969. The raingages are 

spaced one and one-half miles apart in intensive study areas and three 

miles in other areas. The gages monitor the rainfall on the 150 square 

mile watershed in addition to some area in a buffer strip beyond the water

shed boundary. In all, rainfall is measured over 250 square miles. See 

Figure 4. 

Precipitation caught by gages in the network is automatically 

recorded at five-minute intervals in digital form on four-channel paper 

tape. Amounts are recorded to the nearest tenth of an inch, and a code 

is punched to indicate trace rainfall. The data is edited, translated 

to cards for computer input and finally recorded on magnetic tape for 

analysis and storage. 

For processing the Little River precipitation data, two computer 

programs entitled Preprocessor and Processor have been developed by the 

ARS. Figure 5 is a system schematic showing inputs and outputs for the 

programs. Data from all raingages for a month constitute the input file for 

one run of the program. The preprocessor edits the data until a complete 

run is made. Then it changes the form of the rainfall data from cumulative 

amounts to five minute rainfall increments with the trace codes* which 

• 

*Trace number 8 is an indication of rainfall and trace number 9 corres
ponds to a non-working raingage or missing data. "0" is an indication 
of no rain or non-working tracing. 
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indicate rain occurance. An example is given in Appendix A to show how 

the rainfall data and the trace codes are printed on the computer printout. 

(See Table A.l) The processor computer program uses the monthly precipi

tation files as input and builds an annual precipitation file, which is 

stored on nine-track magnetic tapes. The tapes include a summary and 

the five-minute rainfall increments and trace codes. 

Tapes for 1968, 1969 and 1970 are operational and were used for 

validation of the model. The data was not complete and trace codes for 

some of the raingage stations were not reliable during 1967, the year 

the gages were put into operation. For that reason, the 1967 data 

was not recorded on magnetic tape. A complete manual search was done on 

the 1967 data by the writer to isolate thunderstorm rainfall. From the 

computer printouts of the 1967 rainfall data, the rainfall events during 

the months of June, July and August were analyzed. Events covered by a 

large number of raingages and which also contained rainfall of high 

intensity (.10 inch per five-minute or more) and short duration (2 to 3 

hour storm duration at most) were selected for analysis. Seven storms 

which had these characteristics were selected. These seven storms included 

25 individual rainfall cells, the spatial and temporal characteristics of 

which were thoroughly studied. These data were used as the basis for the 

formulation and parameter evaluation of a digital model of thunderstorm 

rainfall. Most of these storms occurred in mid-afternoon with a relatively 

large cumulative rainfall amount recorded by most of the raingages. The 

mean time of occurance of the thunderstorms which were studied over the 

watershed was found to be 4:20 p.m. 



Printouts of five-minute rainfall increments were obtained for 

June, July and August of 1968, 1969 and 1970 for each raingage for each 

rainy day. Thunderstorm events were isolated from this printout infor

mation and data derived from these printouts formed the basis for the 

validation of the simulation model which will be discussed in Chapter V. 

Cell Characteristics 

The seven storms that were selected for study were analyzed 

by utilizing raingage records, weather data from daily weather maps, 

and synoptic storm characteristics from Weather Bureau publications. The 

analysis was concentrated on June, July, and August data because individual 

thunderstorm cells could be more easily identified (had a higher maximum 

intensity) during the summer months. The dates and general description 

of each selected storm appear in Table 2 with a summary of the total 

number of cells, number of cells studied, i.e., followed throughout a cell 

life, and cell life durations. As can be seen from this table, most of 

the selected events are air mass thunderstorms which occurred during the 

midafternoon. According to the surface weather maps, two storms are 

classified as stationary fronts, and one is classified as a squall line. 

As previously mentioned, the number of cells studied in the selected storms 

is usually less than the number observed. The reason is that cells which 

originated or terminated outside the gage network and for which data on 

the entire life of the cell was not available are not included in this study. 

The various scales of atmospheric phenomena involved in the 

research are shown on Figure 6. The synoptic scale is represented by 

the circles of 100 mile radius and the mesoscale is represented by the 



Table 2. Storm Characterist ics for the Year of 1967 

Date 
Synoptic 
Symbol Type 

Time 
of Day 

No. of 
Cel ls 

Studied 

Total No. 
of Cel ls 

Cell Life 
Duration 
(minutes) 

500 mb 
Windspeed 

(mph) 

Meteor. Char. 
Wind Direct ion 

6/21/67 MT* 

6/22/67 MT 

6/28/67 

7/7/67 

Stationary 
Front 

Stationary 
Front 

7/30/67 Squall Line 

8/2/67 MT 

8/20/67 MT 

Air 
Mass 
Thun
der 
Air 
Mass 
Thun
der 

Air 
Mass 
Air 
Mass 
Thun
der 

16 

14 

50 

00 

.10 

12 00 

24 

16 

16 

00 

40 

00 

6 6 

3 

6 

5 

3 

*MT Maritime Tropical 

50 
50 
40 

70 
40 
50 
40 
70 
50 

70 
60 
60 

60 
60 
60 
70 
30 
40 
80 
30 
50 
50 
60 
40 
60 
70 
40 
60 

18 

18 

12 

22 

28 

12 

18 

104°SE 

65°NE 

90°NE 

13°NE 

50°NE 

60°NW 

28°NE 
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Figure 6. Synoptic and Mesoscale Storm Act iv i ty on August 20, 1967. 



smaller e l l i p t i c a l patterns . The mesoscale a c t i v i t y i s composed of an 

agglomeration of c e l l s . There may be a number of mesoscale phenomena 

present at any time in a region of synoptic s i z e . In Figure 6, mesoscale 

areas are p lo t ted for each one hour interva l on August 20, 1967. From 

these consecutive hourly diagrams, the movement of mesoscale structures 

were observed. The smallest sca le of storm i s ca l l ed c e l l and i s observed 

most c l ear ly in a i r mass thunderstorm s tructures . I t i s th i s smallest 

s ca le that i s modeled in the current study. 

The c e l l parameters are grouped according to s p a t i a l and temporal 

v a r i a b i l i t y of p r e c i p i t a t i o n . Each of the c e l l charac ter i s t i c s i s explained 

in more d e t a i l in the fol lowing subsect ion. The information on s i z e , 

speed, and d irec t ion and maximum r a i n f a l l i n t e n s i t y at the center of c e l l 

as we l l as the wind speed and the wind d irec t ion are summarized in Table 

B. l given in Appendix B. 

The c e l l parameters included in the present study are: 

1. Cell shape 

2. Cell s i z e 

3. Cell duration 

4. i - temporal var ia t ion of c e l l diameters 

i i - temporal var iat ion of r a i n f a l l i n t e n s i t y at the center 
of the c e l l 

5. Maximum r a i n f a l l in t ens i ty at the c e l l center during the l i f e 
of the c e l l 

6. Spatial var ia t ion of r a i n f a l l in t ens i ty along minor and 
major axes 

7. Direct ion and speed of c e l l movement 



8. Number and or ientat ion of c e l l s 

9. Other aspects of c e l l charac ter i s t i c s 

1. Cell Shape 

The shape of the c e l l s observed on the ground surface appeared 

as e l l i p t i c a l i sohyets which were plot ted at ten-minute increments. 

The p lo t s provided the information to define temporal and s p a t i a l 

c h a r a c t e r i s t i c s of the c e l l s . The determination of e l l i p t i c a l c e l l 

boundaries involved a large degree of judgment s ince the c e l l boundaries 

are not c l ear ly defined by the raingage network. In order to determine 

the t o t a l number of c e l l s passing over a raingage and to determine the 

c e l l shape, the accumulated five-minute r a i n f a l l i n t e n s i t y values were 

plot ted on a mass diagram. Each sharp increase in the slope of the curve 

was due to a s i n g l e c e l l passing over a point and plateaus indicate 

periods of low, or no, ra in . This type of study was done for a l l the 

storms analyzed and for a l l the gages recording r a i n f a l l . Figure 7 shows 

one of the mass diagrams plot ted for raingage number 32 on August 20, 

1967. I t can be seen on th i s f igure that two c e l l s passed over th i s gage 

Cell 1 (See Figure 8) had a duration of 40 minutes and c e l l 2 had a 20 

minute duration. 

During the p l o t t i n g of i sohyeta l maps, the question was raised as 

to whether they should be p lot ted at f i ve or ten minute time i n t e r v a l s . 

In th i s study, the object ive was to get the best c e l l d e f i n i t i o n and a 

c lear picture of c e l l movement. In order to obtain a graphical repre

sentat ion of the r a i n f a l l over the experimental watershed, a s e r i e s of 

hand p lo t s of i sohyets for both ten and five-minute time increments were 

prepared. These p lo t s are given in Figure 8 and 9. Figure 8 shows the 
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i sohyeta l patterns at success ive ten-minute periods for the storm on 

August 20, 1967 from 4 p.m. to 6 p.m. On Figure 9 the same storm i s 

studied with five-minute periods from 4:10 p.m. to 5:30 p.m. The shape 

of c e l l s in Figure 8 were defined as c lear ly as the c e l l s which were drawn 

with five-minute time periods. However, during the study of some other 

storms on a five-minute b a s i s , i t was p r a c t i c a l l y impossible to i l l u s t r a t e 

c e l l movement. In general, i t was found that a ten-minute period provides 

for adequate d e f i n i t i o n of c e l l shape and movement, while five-minute 

in terva l s did not . Therefore, the dec i s ion was made to use ten-minute 

periods as the basic time i n t e r v a l . 

Due to the large areal extent of storm a c t i v i t y (macroscale) 

during which the complete movement of c e l l s could not be observed over 

the watershed throughout the c e l l l i f e . Therefore, the c e l l s for which 

the t r a j e c t o r i e s could not be detected on the ground surface were excluded 

from the study. As i t can be seen in Figure 8 and 9, the or ig ins of some 

of the c e l l s during the storm on August 20, 1967 occurred outside of the 

watershed boundary and could not be detected at the early part of the 

growing s tage . 

2. Cell Size 

Figures B. l - B.7, which are attached in Appendix B, show the s e r i e s 

of thunderstorm c e l l s which occurred over the experimental watershed for 

each storm event in 1967. By measuring the width and length of the 

ten-minute i sohyeta l patterns the var ia t ion in s i z e of thunderstorm c e l l s 

was determined. The values are tabulated in Table B.l and the frequency 

d i s t r ibut ions of maximum minor and major diameter of c e l l s are plot ted 

in Figure 10 and 11. The parameters of the proposed probabi l i ty density 







functions in these and subsequent f igures were estimated by the method 

of moments and the estimated probabi l i ty density functions for the c e l l 

c h a r a c t e r i s t i c s were p lot ted with the histograms of the observed data. 

No exhaustive s tudies were conducted to s e l e c t the s p e c i f i c form of the 

probabi l i ty densi ty functions used to f i t the data. More complete s tudies 

may l a t e r be conducted i f the s e n s i t i v i t y of the model described in Chapter 

IV proves such s tudies are needed. The parameters of the various d i s 

tr ibut ions u t i l i z e d w i l l be discussed in more d e t a i l in a subsequent sec t ion 

of t h i s study. 

In the present study, i t was decided to consider the c e l l confined 

to the area bounded by the 0.10-inch isohyet on each ten-minute map. 

Cel l diameter measurements were l imited in some cases because of i n t e r 

ac t ion , or merging of c e l l s , and because c e l l s could remain undetected 

at the beginning or at the end of the ir l i f e t i m e . 

I t i s f e l t that the s e l e c t i o n of the ten-minute time sca le for 

analys i s provided accurate measurement of the c e l l s i z e . On an average, 

the maximum values of the minor and major axes of the i sohyeta l c e l l s were 

about 4.70 and 7.16 mi l e s , r e s p e c t i v e l y . The maximum value of the minor 

c e l l axes ranged from three to seven miles and the maximum major c e l l 

axes ranged from four to 12 mi le s . 

As can be seen in Figure 12, the maximum major and minor c e l l 

axes are re la ted . On an average, the maximum major c e l l ax is was 

found to be 1.5 times greater than the maximum average minor c e l l a x i s . 

The values of the ra t io of maximum major axis to maximum minor axis ranged 

between one and two. 
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3 . Cell Duration 

There was no general agreement in the l i t e r a t u r e on the de f in i t ion 

of thunderstorm c e l l duration. In t h i s paper c e l l duration i s defined 

as the d i f ference in time between the f i r s t and l a s t recorded continuous 

r a i n f a l l increment. The frequency d i s t r ibut ion of c e l l duration i s shown 

in Figure 13. The duration of the c e l l s varied between 30 minutes and 

100 minutes with a mean of 53 minutes. 

4. Temporal Variation of Cell Diameters and Rainfal l Intens i ty at the 

Center of the Cel l 

The var ia t ion of r a i n f a l l i n t e n s i t y at the center of the c e l l and 

the var ia t ion of c e l l s i z e with respect to time was studied from the s er i e s 

of i sohyeta l maps drawn at ten-minute i n t e r v a l s . The i n t e n s i t y and c e l l 

s i z e versus time graphs from the beginning of c e l l growth u n t i l c e l l decay 

were p l o t t e d . The r a i n f a l l i n t e n s i t y and the length of the major and 

minor axes were measured and changed into dimensionless ra t ios by dividing 

them by the maximum values observed during the l i f e of the c e l l . 

i . Temporal Variation of Cell Axes. The dimensionless values 

of minor and major c e l l axes ra t io s were grouped with respect to 

the maximum c e l l s i z e s . Two categories of these ra t ios were defined. 

The dimensionless d i s t r ibut ion of minor c e l l axes with maximum minor 

c e l l dimension ranging between four to f ive miles was studied and then 

the maximum minor c e l l dimension of f ive to e ight miles was considered. 

S imilarly , two categories were used in the analys i s of major c e l l axes. 

The values in the f i r s t group ranged between s i x and eight mi les , 

and in the second group they ranged from eight to 12 mi les . From 
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these s t u d i e s , i t was found that the d i s t r ibut ion of dimensionless c e l l 

s i z e ra t io versus cumulative percent of c e l l duration i s not dependent 

on maximum c e l l diameter. The maximum c e l l s i z e occurs in the range 0.20 

to 0.50 t/tmax where t i s the duration of c e l l l i f e . 
max 

A fourth order polynomial was f i t t e d to the dimensionless d i s t r i 

butions of the major and minor c e l l axes to f a c i l i t a t e the use of t h i s 

parameter in the simulation model. Figure 14 shows the observed and 

f i t t e d curves for both axes . 

i i . Temporal Variation of Rainfal l Intens i ty at the Cell Center. 

The dimensionless i n t e n s i t y values were grouped with respect to 

the maximum i n t e n s i t y and plot ted with respect to cumulative percent of 

c e l l duration. Three d i f ferent categories were defined. The in t ens i ty 

d i s t r ibut ion curves for three categories were grouped as fo l lows: l e s s 

than .40 , between .40 and .60 , and greater than .60 inches per ten-minutes. 

The corresponding re la t ionships are shown in Figure 15. 

In the f i r s t i n t e n s i t y range, a fourth order polynomial was f i t t e d . 

The other two i n t e n s i t y curves could not be f i t t e d by a fourth order 

polynomial. This was due to the greater skewness and steepness of the 

curves. A method of l inear interpolat ion was applied in the simulation 

s tudies to model the re la t ionships that could not be f i t by a low degree 

polynomial. This i s described in more d e t a i l in the chapter on model 

descr ipt ion . 

5. Maximum Rainfal l Intens i ty at the Cell Center During the Life of the Cell 

Prec ip i ta t ion in t ens i ty at the center of a c e l l reaches a maximum 

when the c e l l s i z e i s a maximum. In addit ion, a part icular trend was 
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observed between the maximum r a i n f a l l i n t e n s i t y at the center of the c e l l 

and c e l l duration. The re lat ionship indicated that r a i n f a l l in t ens i ty 

increased with an increase in c e l l duration. Figure 16 shows such a trend 

observed from the tabulated values on Table B . l . Each point shown on th i s 

f igure corresponds to the average maximum-rainfall i n t e n s i t y at the c e l l 

duration range from 30 minutes to 100 minutes. 

The frequency d i s t r ibut ion of r a i n f a l l i n t e n s i t y at the c e l l center 

obtained from an analys i s of 23 thunderstorm c e l l s was f i t t e d to a log normal 

probabi l i ty d i s t r ibut ion (See Figure 17) with the method of moments. The 

maximum r a i n f a l l i n t e n s i t i e s range from 0.10 to 1.20 inches per ten minutes. 

The most frequent i n t e n s i t y values range from 0.40 to 0.50 inches per ten-

minutes. I n t e n s i t i e s l e s s than 0.10 inches per ten minutes were not 

recorded as continuous r a i n f a l l by the raingages, and the c e l l s which had 

a duration of l e s s than 20 minutes were not considered because they 

apparently were not observed through the complete l i f e c y c l e . 

6. Spatial Variation of Rainfal l Intens i ty Along Minor and Major Cell Axes 

Rainfal l in t ens i ty at the center of c e l l s and the var iat ion of 

prec ip i ta t ion along both axes was measured at each ten-minute interval 

from the h i s t o r i c a l data. A consis tent re lat ionship was observed between 

the r a i n f a l l i n t e n s i t y at the c e l l center and the i n t e n s i t i e s at the 

surrounding gages. The spa t ia l var iat ion of r a i n f a l l i n t e n s i t y along 

the minor and major axis was f i t t e d by a function of the type (as shown 

in Figure 18) 
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where I = the r a i n f a l l i n t e n s i t y ( inches/10 minutes) at a distance r 

miles along an axis from the center of the c e l l 

(I )• = the maximum r a i n f a l l i n t e n s i t y at the center at time t o t J 

b_£ = d i s t r i b u t i o n c o e f f i c i e n t s (b^ = c o e f f i c i e n t for r a i n f a l l 

d i s t r i b u t i o n along minor a x i s , = c o e f f i c i e n t for r a i n f a l l 

d i s t r i b u t i o n along major a x i s . ) 

Figure 18. Spatial Variation of Rainfal l Intens i ty along Cell Axes 

1 
t 2 

Accordingly, the re lat ionship between log ,^ ^ and r can be 
o t 

derived as 

H - v 2 

= e i 

l o g ( I t / ( I 0 ) t ) 

(2) 

(3) 



The average values of were determined from the slopes of the 
2 

lines drawn between log (I / (I ) ) and r . The mean values of b^ are tabulated 
t o t i 

with respect to the maximum rainfall intensities in Table 3. No corre

lation was observed between the values of b^ and the maximum rainfall 

intensity. The frequency distributions of b^ were studied and they are 

plotted in Figures 19 and 20. The mean value of b^ was substituted into 

equation (1) to illustrate the spatial distribution of cell intensity along 

the minor axis. The plot is shown in Figure 21. 

The parameters b^ and b^ were studied and a relationship between 

these parameters was discovered. The details of this relationships are 

presented in Chapter IV. 

In order to specify the precipitation intensity at any location 

within a cell boundary, a bivariate distribution function, based on equation 

1, was employed. The relationship was expressed as 

2 2 I (X,Y) = (I ) exp - [b X Z + b.Y Z] (4) t o t 2 1 

where X,Y are the coordinates of raingage stations with respect to a 

cell center and ( l Q ) t i-s the maximum precipitation intensity at time t. 

The parameter CI ) ^ is a function of cell duration. 

7. Direction and Speed of Cell Movement 

The ten-minute isohyetal patterns for each storm in 1967 were 

drawn in order to make a comparison of the movement of cells with the 

wind speed and direction. As an example, the cell paths of the storm 

on June 22, 1967 were plotted and shown on Figure 22 to indicate trajec

tories of cells at each ten-minute interval. The cell trajectories of 



T a b l e 3 . R e l a t i o n B e t w e e n D i s t r i b u t i o n C o e f f i c i e n t s 
a n d M a x i m u m C e l l C e n t e r I n t e n s i t y 

M a x . D i s t r i b u t i o n M a x . D i s t r i b u t i o n 
C e l l C o e f f i c i e n t s C e l l C o e f f i c i e n t s 
C e n t e r C e n t e r 
I n t e n s i t y M i n o r M a j o r I n t e n s i t y M i n o r M a j o r 

I o ( i n / 1 0 m i n ) b l b 2 I o b l b 2 

. 1 1 . 3 8 5 . 1 3 8 . 4 1 . 3 0 0 . 1 0 9 

. 1 3 . 2 2 5 - . 4 2 . 1 3 1 . 0 7 5 

. 2 1 . 1 9 0 - . 4 4 . 1 3 0 . 0 8 0 

. 2 2 . 2 4 2 . 0 8 9 . 4 4 . 4 0 3 . 1 9 5 

. 2 3 . 2 4 4 . 0 7 7 . 4 5 . 2 9 0 . 0 9 4 

. 2 4 . 2 6 0 . 1 2 1 . 4 6 . 1 8 0 . 0 6 0 

. 2 5 . 2 6 0 . 1 0 0 . 4 7 . 2 8 0 . 1 5 0 

. 2 5 . 2 1 0 . 0 9 3 . 4 7 . 3 8 5 -. 2 5 . 2 8 5 . 0 4 5 . 4 8 . 4 1 5 . 1 3 0 

. 2 5 . 2 2 2 . 1 2 3 . 5 0 - . 1 3 1 

. 2 5 . 2 3 0 . 0 8 7 . 5 0 . 1 6 7 . 0 6 7 

. 2 6 . 1 6 6 . 0 9 9 . 5 0 . 2 6 0 . 1 3 5 

. 2 8 . 3 5 0 . 2 1 0 . 5 0 . 3 4 0 . 2 2 9 

. 3 0 . 2 7 0 . 0 6 4 . 5 0 . 1 5 0 . 0 9 3 

. 3 2 . 1 9 5 . 1 3 0 . 5 2 . 2 6 2 . 1 0 2 

. 3 2 . 2 6 0 . 1 2 1 . 5 3 . 1 4 3 . 0 6 4 

. 3 4 . 1 5 4 . 0 8 8 . 5 6 . 2 9 2 . 0 9 7 

. 3 4 . 2 1 3 . 1 3 0 . 5 6 . 3 1 7 . 1 9 3 

. 3 5 . 3 1 0 . 1 4 3 . 5 7 . 2 7 3 . 1 6 0 

. 3 5 . 2 5 3 . 0 7 5 . 6 0 . 2 6 0 . 1 2 1 

. 3 5 . 2 3 0 . 0 7 7 . 6 0 . 2 4 5 . 0 5 4 

. 3 6 . 4 1 5 . 1 2 7 . 6 2 . 1 1 5 -. 3 7 . 2 6 0 . 1 3 6 . 6 8 . 2 0 9 . 1 1 6 

. 3 8 - . 1 8 6 . 7 0 . 2 6 7 . 1 5 6 

. 4 0 . 1 3 5 . 0 6 7 . 7 0 . 3 1 6 . 1 0 9 

. 4 0 . 3 6 0 . 0 9 6 . 7 0 . 1 7 5 . 1 1 2 

. 4 0 . 3 1 7 . 2 2 7 . 7 6 . 7 8 0 . 1 4 4 
. 8 0 . 2 1 2 . 1 4 2 
. 8 0 . 2 4 1 . 1 1 5 
. 9 6 . 1 3 5 . 0 7 4 

. 1 1 6 
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seven storms were thoroughly studied. The c e l l speed at each time increment 

and the d irec t ion of motion were compared with the wind speed and d irect ion 

at the 500 mb l e v e l . The 7:00 p.m. E.S.T. wind d irec t ion and speed at 500 mb 

l e v e l were obtained from the dai ly weather maps. The or ientat ions of major 

c e l l axes were general ly in the d irec t ion of the 500 mb wind. However, 

the individual c e l l s showed varying speeds and d irect ions around the mean 

wind movement. 

From observations of dai ly weather maps, i t was noted that the 

wind v e l o c i t y at the 500 mb l e v e l averaged about 16 mph and i t varied 

from about s i x to 32 mph. The frequency d i s tr ibut ion of 500 mb v e l o c i t e s 

observed on each of the thunderstorm days used in th i s study i s shown on 

Figure 23. 

The quantity £(V - V )/N, where V i s the c e l l speed, V i s the n J c \J c w 

wind speed and N i s the number of observat ions , represents the average 

deviat ion of wind speed from the c e l l speed. The mean deviat ion between 

the c e l l speed and wind speed was -4 mph. This leads to the conclusion 

that the c e l l speed i s usual ly l e s s than the mean wind speed at 500 mb 

l e v e l . In most of the cases , movement of c e l l s was within + 15 mph in wind 

speed. The mean deviat ion of the c e l l d irect ion from the wind was +11 .0° . 

That i s , when looking down wind, the c e l l s mostly moved to the l e f t and at 

a slower rate than the wind. Frequency d i s t r ibut ions of deviat ions of 

wind speed and d irec t ion from the c e l l movement are p lot ted in Figures 24 

and 25. 

Some incons i s t enc i e s e x i s t between the c e l l d irec t ion and speed 

and wind d irec t ion and speed. In some cases , the c e l l s had no part icular 

d irec t ion and they seemed to develop and grow against the wind. This 
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might be due to a di f ference between the movement of the r a i n f a l l pattern 

and the cloud c e l l . That i s , the r a i n f a l l pattern observed on the ground 

does not neces sar i ly coincide with the cloud c e l l . The Thunderstorm 

Project Report indicated that thunderstorm movement has a very complex 

nature. I t has been shown by other inves t igators (12,13) that cloud c e l l s 

usually move with a speed near the mean wind as computed by integrat ing 

between the cloud base and cloud top. As a r e s u l t , some of the observed 

surface i sohyets moved very l i t t l e , or were even s tat ionary , and some 

others showed very erra t i c movement. 

The deviat ion of c e l l speed from the wind was correlated with respect 

to c e l l area in square mi les . Figure 26 shows that a c e l l of average area 

moves slower than the wind speed and as the c e l l area increases in s i z e 

the deviat ion in the v e l o c i t y becomes greater and the c e l l moves much 

slower. The dotted l i n e s shown in Figure 26 are boundaries of the data 

po int s . 

8. Number and Orientation of Cel ls 

Of the seven storms analyzed, the number of c e l l s within each storm 

varied from two to nine with an average of f i v e . A t o t a l of 25 c e l l s out of 

35 were analyzed in f u l l d e t a i l to provide the numerical bas i s for the 

thunderstorm model. 

The i sohyeta l patterns c l ear ly demonstrate that new c e l l s have a 

tendency to form adjacent to the ones which have already developed. The 

pos i t ion of a new c e l l at the time of i n i t i a l appearence was studied and 

i t s locat ion coordinates were determined in a polar coordinate system. 

Figure 27 shows that new c e l l s were most l i k e l y to form within four 
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to e ight mile dis tances from the e x i s t i n g c e l l center . The mean value was 

f ive mi le s . The most frequently occurring time lapse from the s tar t of a 

c e l l to generation of a new c e l l was 20 minutes, with values ranging from 

zero to 40 minutes. Al l the new c e l l s were formed within the third and 

fourth quadrant of the cartes ian coordinate system (see Figure 27) where 

the system or ig in was se l ec ted as the center of the e x i s t i n g c e l l . 

The distance between the center of the new c e l l and the e x i s t i n g 

c e l l was analyzed in re la t i on to the speed and the diameter of the e x i s t i n g 

c e l l . No part icular trend was observed between the distance and these other 

parameters. On some occas ions , c e l l s which were separate and d i s t i n c t at the 

time of formation grew into or merged with adjacent c e l l s . When th i s happened, 

the newly developed c e l l s moved and grew fas ter than the e x i s t i n g c e l l s , so 

that the i s o l a t i o n of individual c e l l s became more d i f f i c u l t . 

The c e l l centers occurred anywhere in the raingage network area with 

equal probabi l i ty and, on the average, the number of c e l l s per thunderstorm 

was about f i v e . 

I t should be noted that the generation of c e l l patterns , i . e . , the 

s p a t i a l and temporal d i s t r ibut ion of c e l l s , i s very complex in nature. 

Under certa in condit ions , thunderstorms develop in groups or famil ies of 

c e l l s , thus increasing the area subject to r a i n f a l l . In order to under

stand the re la t ionsh ips that govern these pat terns , i t w i l l be necessary 

to discover the interact ion of the c e l l s with each other, and a l so whether 

there i s any preferred locat ion for the or ig in of individual c e l l s within 

a family. The data avai lable for the present study are not su f f i c i en t to 

completely define the s p a t i a l re la t ionships of c e l l s within a family. 
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This needs to be studied in more d e t a i l on the bas i s of information 

gathered from a macroscale l e v e l of a c t i v i t y . 

9. Other Aspects of Cell Characteris t ics 

Various other aspects of c e l l c h a r a c t e r i s t i c s , such as maximum 

c e l l area, r e l a t i o n between the percent of c e l l duration and accumulated 

r a i n f a l l , and the amount of rain accumulating on the ground from s ing le c e l l s 

were s tudied. The re la t ionship between the t o t a l accumulated r a i n f a l l 

during the c e l l l i f e as a function of the maximum c e l l area i s shown in 

Figure 28. The l i n e s shown in Figure 28 are drawn by eye to indicate the 

boundary and the mean of data po in t s . The maximum area covered by a c e l l 

ranged from 20 to 55 square mi le s . The var iat ion in the volume of rain 

from a s i n g l e c e l l during i t s l i f e time was much greater than the var iat ion 

in the maximum area covered by the same c e l l . The reason for th i s i s that 

the volume of rain depends on c e l l duration as wel l as the c e l l s i z e . 

The study conducted by R. R. Braham (8) of thunderstorm c e l l s over Ohio 

showed that the c e l l area ranged from one to 30 square miles and the cloud 

c e l l had the average minor diameter of 4.5 mi les . 

The var ia t ion of r a i n f a l l during the l i f e of a c e l l was a l so studied 

and the cumulative percent of t o t a l r a i n f a l l versus the cumulative per

cent of c e l l duration was plotted in Figure 29. The rate of accumulation 

of rain from a c e l l was greatest during the interval from 20 to 40 per

cent of elapsed c e l l duration. This was in c lose agreement with the findings 

of other s tudies ( 8 , 1 2 ) . 

The duration of rain from a c e l l on a surface s ta t ion depends upon 

a number of factors such as the s i z e of a c e l l , pos i t ion of the rain s ta t ion 
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with respect to passing c e l l , and also the rate of c e l l movement. 

Without any attempt to separate any of the above fac tors , the rain 

duration period at a s ta t ion as a c e l l passes over the s t a t i o n was studied. 

The ra t io of each f ive minute r a i n f a l l depth to the average r a i n f a l l 

depth at each rain s ta t i on was calculated for a l l the storms. This ra t io 

was ca l led the r a i n f a l l depth r a t i o . Figure 30 shows the plot of average 

r a i n f a l l depth rat ios against time. The r a i n f a l l rate at a s t a t i o n 

normally reaches i t s maximum within the f i r s t ten-minute r a i n f a l l period 

and the average r a i n f a l l duration at a s ta t i on was found to be about 30 minutes 

An estimate of the average c e l l s i z e can be obtained with the 

above given information by making use of the information that the v e l o c i t y 

of the surface c e l l i s 4 mph l e s s than the average wind speed of 16 mph 

at 500 mb l e v e l . Then the average c e l l s i z e i s calculated by multiplying 

the average c e l l speed by the duration of the rain at the s t a t i o n . 

V = 12 mph c r 

tp = 30 minutes at the s t a t i o n 

Average c e l l s i z e diameter - 12 mph x 1/2 hr = 6 miles which i s 

within the acceptable range of c e l l diameter observed on the ground surface. 

The re la t ionship between the maximum ten-minute point i n t e n s i t y 

and the average amount of rain per each ten minute interval at the s ta t i on 

was s tudied. On an average, the maximum r a i n f a l l i n t e n s i t y at a point 

was found to be almost three times as great as the average rain at the 

same recording gage during the ent ire period of the storm. (See Figure 31) 

Comparison with Previous Studies 

The c e l l charac ter i s t i c s measured on the L i t t l e River network were 
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compared with r e s u l t s found by previous i n v e s t i g a t o r s . In general, most 

of the c e l l charac ter i s t i c s were in c lose agreement with the findings of 

other i n v e s t i g a t o r s , but a few r e s u l t s were incons i s t en t . One should 

be aware of the fact that each researcher inves t iga te s and attempts to 

solve problems from h i s own point of i n t e r e s t and h i s own background. Thi 

i s part of the reason why some of the present re su l t s confirm the findings 

of previous authors and some of the other do not . One of the problems 

l i e s in defining the elements which are measured by the i n v e s t i g a t o r s . 

For example, during the present study, several de f in i t ions were found in 

the l i t e r a t u r e for "thunderstorm c e l l " . Some authors defined the c e l l 

as one or more individual radar c e l l s at a part icular time and space, 

but some others defined i t as small prec ip i ta t ion areas. In G. H. Ligda's 

paper (36) , the term "small prec ip i ta t ion area" was applied to the radar 

echo which are commonly ca l led " c e l l s " by the radar observer. In the 

present study, the analys i s of motion of convective c e l l units i s studied 

by the r a i n f a l l patterns produced by these prec ip i ta t ion u n i t s , and i t 

was not poss ib le to measure the spa t ia l d i s t r ibut ion charac ter i s t i c s of 

the c e l l s covering an area larger than the raingage networks. 

The r e s u l t s of several s tudies d i f f er because of the methods used 

in data c o l l e c t i o n and data ana lys i s . Data co l l ec ted by surface raingages 

may not produce the same re su l t s as data co l l ec ted by meteorological 

radars. The degree of discrepancy depends on the angle to which the radar 

beam i s e levated , the beam width, the range of the radar, and a lso on 

the accuracy and density of the raingages. The way that the data i s 

handled and analyzed has a s i gn i f i can t influence on the thunderstorm 



s t u d i e s . F irs t of a l l , the c e l l charac ter i s t i c s found from an analys i s 

of a Eulerian frame of reference, such as in Franz's model, w i l l natural ly 

be d i f ferent from the s tudies of moving c e l l s , as in the present study, 

in W. M. Grayman and P. S. Eagleson's study and also in J. Amorocho's 

study. Another obvious reason for discrepancies i s the fact that obser

vation methods, whether by radar or by surface raingages, puts some 

physical l imi ta t ions on the recorded data. The range of the radar and 

the number and spacing of raingages w i l l determine whether an area of 

several thousand miles or only a few square miles w i l l be studied. 

Limitations on other avai lable recources also influence the i n v e s t i g a t i o n . 

For example, resource l imi ta t ions may impose constraints which w i l l not a l l 

inves t iga t ion of the larger areas or smaller sca le s of a c t i v i t y . Last 

but not l e a s t , the c e l l parameters and the nature of the s t a t i s t i c a l 

d i s t r ibut ions of these parameters depend upon the type of thunderstorm 

which prevai l s over the region and a lso upon the physiographic and 

atmospheric charac ter i s t i c s of the region. Keeping these fac ts in mind, 

the following comparisons were made. 

Cell Size 

Surface r a i n c e l l s , when they f i r s t become apparent on raingages in 

the present study, were small and i so la ted and were two to four miles in 

diameter and showed a minimum of 0.10 inches per five-minute in terva l . 

The c e l l developed rapidly by extending i t s major and minor axes. At 

the same time the r a i n f a l l in t ens i ty at the c e l l center increased. The 

c e l l axes were at a maximum when the c e l l center i n t e n s i t y reached i t s 

maximum. Studies made by previous inves t igators showed that the dimensions 



of individual rain c e l l s of medium s i z e thunderstorms ranged from one to 

20 miles with an average of 4.5 mi l e s . From the s tudies of h i s t o r i c a l 

records, the mean maximum c e l l axes at the mature stage of development 

were found to be 4.70 and 7.20 miles for minor and major axis respect ive ly 

Temporal Variation of Cell Intens i ty and Size 

The maximum r a i n f a l l i n t e n s i t y in the present study was reached 

at 25 to 60 percent of c e l l duration and the maximum c e l l s i z e occurred 

on the average at 40 percent of the c e l l duration with the time of occur-

race ranging from 20 percent to 50 percent of duration. From the R. R. 

Braham study, r a i n f a l l i n t e n s i t y was observed to be greatest during the 

in terva l from 20 percent to 40 percent of t o t a l duration. The resu l t 

has a l so been confirmed by the Thunderstorm Project Report. Furthermore, 

i t was s tated in the Thunderstorm Project Report that the maximum s i z e 

of the c e l l at the mature stage of development reached 6.5 miles in 

diameter as the cloud reached i t s highest v e r t i c a l ex tent . 

Cel l Center Intens i ty 

By the use of the surface r a i n f a l l records from the Thunderstorm 

Project , a study was made by R. R. Braham for 53 thunderstorm c e l l s over 

Ohio. The r a i n f a l l i n t e n s i t y ranged from 0.01 to .40 inches per f ive 

minutes. In the present study, the Coastal Plain thunderstorm c e l l 

i n t e n s i t i e s were ranging from 0.20 to 1.20 inches per ten minutes. Cel ls 

with an in tens i ty of 0.10 inches or l e s s could not be i d e n t i f i e d . The 

most frequent maximum in tens i ty at the c e l l center was found to be about 

0.40 to 0.50 inches per ten minutes duration. 



Cell Duration 

From the radar s tudies made by several authors, the moving c e l l s 

had an average l i f e of 20 to 30 minutes with a maximum l i f e of 90 minutes. 

The Satyam (46) and Aiya (17) studies showed that the c e l l l i f e of 

thunderstorms over Bangalone ranged from ten minutes to 80 minutes with 

a mean of 35 minutes. L. J. Battan (5) a lso invest igated the duration of 

individual radar c e l l s which did not merge with other c e l l s . The maximum 

radar c e l l duration was about 40 to 45 minutes. In the present study, 

the duration of 25 surface thunderstorm c e l l s over the experimental 

watershed varied between 20 to 90 minutes with a mean of 53 minutes. The 

ones which had a duration of l e s s than 20 minutes dropped out of the 

study. In other words, the thunderstorms se lec ted from the summer months 

of 1967 had large intens ive c e l l s . 

Relation Between Maximum Rainfal l Intens i ty and Cell Duration 

The logarithms of maximum i n t e n s i t i e s were found to be related to 

the c e l l duration. R. A. House a lso noted a re lat ionship between c e l l 

duration and r a i n f a l l in t ens i ty but the range of c e l l duration was 

small as compared to the values in the present study. (See reference 

28) 

Number of Cel ls 

From the M. Satyam and Aiya paper, i t was found that the number of 

act ive c e l l s per thunderstorm changes from one to 22 with an average number 

of f i ve c e l l s per storm. Given that a thunderstorm was in observable range 

only one storm was found to be ac t ive within a range of 12.5 miles at any 

given time. In the present study, a t o t a l of 35 c e l l s were ob

served within the seven storms. The number of ac t ive c e l l s ranged from 



two to nine per storm, and the most recurrent number of ac t ive c e l l s per 

ten-minute period was two and the average number of c e l l s per storm was 

f i v e . Thus, the present re su l t s confirm the findings of other inves t igators 

Location and Formation of Cel ls 

In the present study, 40 percent of the t o t a l number of c e l l s were 

generated as individual c e l l s . An addit ional 40 percent had a tendency 

to form near the e x i s t i n g c e l l s . Those that formed near e x i s t i n g c e l l s 

appeared to be "primary baby c e l l s " spawned in the wake of the e x i s t i n g 

"mother c e l l s " . The remaining 20 percent are "secondary baby c e l l s " 

developed from the primary baby c e l l s . The time lag between the i n i t i a t i o n 

of a primary baby c e l l and a secondary baby c e l l was, on the average, 20 

minutes. The i n i t i a l locat ion of the primary baby c e l l varied from four 

to e ight miles behind the mother c e l l , and a lag of from ten to forty 

minutes occurred between the birth of the mother and that of the baby c e l l . 

Of course, these f igures are approximations to be real phenomenon occurring 

in nature. Usually, the c e l l development a c t i v i t y studied during th i s 

project occurred within an area larger than 250 square mi le s . Therefore 

more accurate and r e l i a b l e estimates of the c e l l patterns and the time 

lag for the c e l l generation have to be co l l ec t ed from the macro-level of 

storm events for bet ter d e f i n i t i o n of these c h a r a c t e r i s t i c s . 

I t i s found from the present s tudies that during a thunderstorm 

event, on the average, 50 percent of the raingages on the L i t t l e River 

watershed recorded r a i n f a l l . The d i s t r ibut ion of r a i n f a l l in space during 

each storm event was random. Amorocho (3) noted that the thunderstorm 

a c t i v i t y may be regarded as random over the region. 
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Direct ion and Speed of Cel l Movement 

Most of the s tudies indicated that radar echoes, which may be com

posed of more than one c e l l at any ins tant , may move in a d irect ion from 

40 degrees to the l e f t of the wind at 700 mb l e v e l to 60 degrees to the 

right and that large groups of cloud c e l l s tend to move to the r i g h t . 

The reason for t h i s i s attr ibuted to the c e l l growth and new c e l l develop

ment adjacent to the previous c e l l . Frequency d i s tr ibut ions of the 

d irec t ion of c e l l motion studied by Brooks (10) , Huff (32) , and Ligda (36) 

indicated that speed i s more constant than d irect ion for the individual 

small r a i n f a l l area. In the Ligda paper, f i f t y percent of the storm 

direct ions were found to be within + 2 . 0 degrees of the mean storm 

d i r e c t i o n , and f i f t y percent were found to be within + 1 . 4 mph of the mean 

storm speed. 

Based on s tudies by J. C. Fankhauser on the angular dif ference 

between the d irec t ion of mean wind and the d irec t ion of generating system 

(echo) movement, 70 percent of the echoes moved from a d irec t ion that was 

within + 10 degrees of the mean wind with a standard deviation of 9 

degree. The deviat ion of the mean wind d irec t ion from thunderstorm c e l l 

d irec t ion increased for greater storm i n t e n s i t y . The study made by J. 

Charba and Y. Sasaki (18) a lso showed an average deviat ion of 37 degrees 

for the l e f t moving storms and 5 to 25 degrees to the right of the mean 

wind d irec t ion for the right moving storms. 

In the present study, individual c e l l speed determination were 

made by measuring the displacement of the r a i n f a l l pattern for each ten-

minute i n t e r v a l . The d irect ion of each c e l l was a l so recorded. The speed and 

d irec t ion measurements observed during the ent ire c e l l duration were 



compared with the speed and d irect ion of the wind at 500 mb l e v e l . Most 

of the individual c e l l speed and d irec t ion var ia t ions were within + 90 

degrees in wind d irec t ion and + 15 mph in speed. Due to lack of accurate 

data on winds a l o f t , i t was impossible to re la te the surface c e l l speed 

and d irec t ion with several l e v e l s of wind motion. I t i s suggested that 

the main reason for the large var ia t ions in the c e l l motion can be 

at tr ibuted to the fact that speed and d irec t ion were determined on t en-

minute in terva l s during the storm, while wind speed was based on the 

7:00 p.m. 500 mb wind v e l o c i t y . Use of average values for speed and 

d i r e c t i o n , taken over time and space during the l i f e of the c e l l , and 

bet ter wind data may serve to reduce the large v a r i a t i o n s . 

Previous inves t iga tors have sought causal re la t ionships between 

radar detected c e l l speed and winds a l o f t at various l e v e l s . Invest igat ions 

conducted by Brooks(10), Mather(38), Ligda(36), and the Thunderstorm Project 

(12) have found fa i r to exce l l ent corre lat ions between d irect ion and speed 

of c e l l and wind. One of the e a r l i e s t s tudies of c e l l movements made by 

Brooks showed that small radar c e l l s moved with winds at 5000 feet and 

that the larger ones moved with the winds at 11,000 f e e t . According to 

the J. R. Mather study, 70 percent of the radar cloud c e l l s f a l l in the 

range of 6000 to 14,000 fee t in v e r t i c a l th ickness . Later the thunder

storm inves t igators correlated the speed of mean wind between 5000 and 

20,000 feet with radar echo movement. Poor corre lat ion was noted. I t i s 

of i n t e r e s t that in Ligda's study, geostrophic* wind speed and direct ion 

*The time and space average of actual atmospheric currents measured from 
the pressure contour spacing and or ienta t ion . 



was correlated with the d irect ion and speed of prec ip i ta t ion area. High 

corre lat ion was found between d irect ion and speed at 700 mb l e v e l . In the 

same paper, the v e l o c i t y of prec ip i ta t ion areas i s a l so correlated very 

we l l with atmosphere flow as obtained from upper l e v e l pressure charts , 

e s p e c i a l l y near the 700 mb (10,000 f e e t ) l e v e l . 

Cell c h a r a c t e r i s t i c s , as determined in the present study, have 

been compared with previously published r e s u l t s . I t can be concluded 

that there i # a general agreement with the previous i n v e s t i g a t o r s , although 

i t i s d i f f i c u l t to compare the present findings with some r e s u l t s of 

previous i n v e s t i g a t o r s . 



CHAPTER IV 

DESCRIPTION OF RAINFALL SIMULATION MODEL 

Introduction 

A simulation of a system or an organism i s the operation of a 
model or simulator which i s a representat ive of the system or 
organism. (48) 

We therefore define system simulation as the technique of 
so lv ing problems by following the changes over time of a dynamic 
model of the system. (26) 

Simulation i s a numerical technique for conducting experiments 
on a d i g i t a l computer, which involves certa in types of mathe
matical and l o g i c a l models that describe the behavior of a . . . 
[ h y d r o l o g i c ] . . . system (or some component thereof) over extended 
periods of t ime. (40) 

Each of the three de f in i t ions given above i s appropriate in the 

present study. Each de f in i t i on contains the implication that simulation 

involves operations with a model, and more s p e c i f i c a l l y , with a dynamic 

model, a model in which the values of the variables change in time. The 

purpose of t h i s chapter i s to describe the formulation of a dynamic, 

d i g i t a l model to be used to simulate thunderstorm r a i n f a l l , and to present 

data and methods used for evaluating parameters and functional r e l a t i o n 

ships contained within the model. 

The ro le of the model in the simulation study i s to provide a 

representat ion of the rea l world system that i s under study, while at the 

same time providing a s impl i f i ca t ion of the real world system. Rosenblueth 

and Wiener (45) have s ta ted , "No substant ia l part of the universe i s so 

simple that i t can be grasped and control led without abstract ion. 
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Abstraction cons i s t s in replacing the part of the universe under considera

t ion by a model of s imi lar but simpler s tructure . Models . . . are thus a 

central neces s i ty of s c i e n t i f i c procedure." 

Obviously computer models are an approximation of the natural 

phenomenon which occur in the real world. The degree of approximation 

depends on a number of considerat ions , including the appl icat ions for which 

the model w i l l be used. The computer model which i s presented in th i s 

paper w i l l not reproduce many of the meteorological aspects of r a i n f a l l . 

On the other hand, the computer model can be used by the hydrologists to 

generate thunderstorm r a i n f a l l patterns sa t i s fac tory for use as a synthet ic 

sequence of r a i n f a l l data for input to ra infa l l -runof f models. 

Development of a simulation model involves a number of s t eps . The 

steps included in the present model development were: 

1. Formulation of the problem or object ives 

2. Col lect ion and processing rea l world data 

3. Formulation of conceptual model 

4. Estimation of model parameters 

5. Evaluation of parameter est imates 

6. Formulation of computer program 

7. Validation of simulation model 

The objec t ives of t h i s simulation study have already been discussed 

in Chapter I , but these objec t ives w i l l be re i terated here in s l i g h t l y 

d i f ferent terms. Two general reasons can be given for developing a model 

to simulate thunderstorm r a i n f a l l . F i r s t , simulated r a i n f a l l can provide 

a t e s t of certa in assumptions and hypotheses on which the model i s based. 



Failure of the model of reproduce observed r a i n f a l l patterns would imply 

that some, or a l l , of the hypotheses on which the model i s founded must 

be re jec ted , while success fu l reproduction of h i s t o r i c a l r a i n f a l l patterns 

can be interpreted as a va l idat ion of the re la t ionships incorporated in 

the model. A second reason for simulating thunderstorm prec ip i ta t ion i s 

to provide a data sequence that can be used in hydrologic s tudies which 

require p r e c i p i t a t i o n input. Hydrologists have devised causal models for 

streamflow generation which convert prec ip i ta t ion over a watershed into 

streamflow. In ca l ibrat ing such watershed model h i s t o r i c a l sequences of 

r a i n f a l l and the assoc iated streamflow are required. However, i f the 

watershed model i s to be used to predict the s t a t i s t i c a l charac ter i s t i c s 

of streamflow expected in the future, simulated prec ip i ta t ion values may 

be used, as long as the simulated prec ip i ta t ion sequences manifest the 

c h a r a c t e r i s t i c s expected, in a s t a t i s t i c a l sense , from the actual r a i n f a l l . 

Hydrologists have long used s t a t i s t i c a l descript ions of point prec ip i 

ta t ion to predict the runoff to be expected with a given frequency from a given 

watershed. These predict ions have, in the past , been based on very simple 

ra infa l l - runof f re la t ions which were not capable of incorporating temporal 

and s p a t i a l var ia t ion in r a i n f a l l . Presently the more advanced watershed 

models are able to take in to account such var iat ion in p r e c i p i t a t i o n . 

Thus, the development of a model for simulating thunderstorm r a i n f a l l w i l l 

provide input data for these watershed models and w i l l allow increased 

accuracy in the predict ion of storm runoff. 

The second major step in model development, c o l l e c t i o n and processing 

of real world data, was described in d e t a i l in Chapter I I I . Chapter III 



also described parameter estimation (step 4) and parameter evaluation 

through graphical comparison of h i s t o r i c a l and f i t t e d re la t ionships (step 

5 ) . Formulation of a conceptual model (step 3 ) , and formulation of a 

computer program (step 6 ) , are described in the following paragraphs. 

Model v a l i d a t i o n , the f ina l step in model development, i s presented in 

the fol lowing chapter, Chapter V. 

The Conceptual Model 

The basic element in the construction of the model i s a thunder

storm c e l l which i s manifested as an i sohyeta l pattern on the ground, 

moving in a certa in d irect ion along a certa in path. The d irec t ion of the 

c e l l path, the v e l o c i t y of the c e l l and the s i z e of the c e l l are considered 

random c e l l parameters. The number and the i n i t i a l pos i t ions of c e l l s 

are a lso considered as random. Estimates of the p r o b a b i l i t i e s which 

describe the operation of the model were obtained from an analys i s of 

r a i n f a l l data as described in Chapter I I I . A basic assumption i s that 

the part icular probabi l i ty density functions which describe the population 

parameters are know from Chapter I I I . 

The concept of the model given in the previous paragraph emphasizes 

that the model i s fundamentally s t o c h a s t i c . Three types of s tochas t i c 

elements were envisioned to operate within the system being modeled. First 

of a l l , a number of parameters were considered to be independent random var 

i a b l e s . For examples, the i n i t i a l locat ion of a c e l l and the number of ee l 

within a storm system were treated as independent random variables and 

were generated by the computer by random sampling techniques. The reader 

i s referred to Naylor et a l (40) for a deta i l ed explanation of these 



techniques. Other techniques were needed to handle s tochas t i c parameters 

that were re lated to some other element of the system. For example, in 

Chapter I I I i t was found that the logarithm of the maximum r a i n f a l l 

i n t e n s i t y i s l i n e a r l y re lated to the c e l l duration. In cases l i k e t h i s 

where there was a c lear re la t ionship between var iab le s , the values of the 

dependent variable was generated by adding a random component to the value 

predicted from the current value of the independent var iab le . Such 

techniques are frequently used in hydrologic s imulation. See references 

(24, 55 ) . In the case of generating c e l l d irect ions with respect to the 

wind d irec t ion there was no apparent functional r e la t i on between the 

sequential c e l l d i rec t ion va lues , but the value of c e l l d irec t ion at time 

t+1 was influenced by the c e l l d irec t ion at time t . In order to generate 

the d irec t ion of c e l l movement, a matrix of condit ional or marginal pro

b a b i l i t i e s was employed. For addit ional background on marginal probabi l i ty 

matrices , see reference (6 ) . The various s t a t i s t i c a l charac ter i s t i c s of 

the model parameters are summarized in Table 4. 

Generation of Stochastic Elements 

The elements of the simulation model are formulated and the 

s tochas t i c c h a r a c t e r i s t i c s of model parameters are described in the 

fol lowing paragraphs. 

Maximum Cell Size 

The maximum dimension of the minor c e l l axis was generated from 

the r e l a t i o n derived in Chapter III between the maximum major and minor 

c e l l axes . A graph of the density function re la t ing the maximum major 

and minor axes i s given in Figure 32. The method followed during the 



Table 4. S t a t i s t i c a l Characterist ics of Model 

a. Parameters of Probabil i ty Density Functions 

Variable 

Wind Veloci ty 

Wind Direction 

Cell Duration 

Maximum Major Cel l 
Axis 
Maximum Minor Cell 
Axis 

Dis tr ibut ion Parameter 
Along Major Axis 

Deviation of Cell 
Velocity from Wind 

Deviation of Cell 
Direct ion from Wind 

Deviation of Cell 
Direct ion from the 
Previous Direct ion 

Symbol D i s t . Type Range 

VELW Triangular 0-32 mph 

THETAW Normal 

XI Normal 

DMMAJ Normal 

DMMIN Triangular AA=DMMAJ/2 
CC=DMMAJ/1.2 

Normal 

VELD Normal 

THETAD Normal 

Uniform 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Uniform 

o t . i - V > « 

-90 -120 
-60 -90 
-30 -60 

0 -30 
0 

30 
60 

30 
60 
90 

Mean 

16.0 mph 

24.5° 

53.3 min. 

7.2 mi. 

Std. Dev, 

74.0° 

15.9 min, 

1.5 mi. 

0.116 0.043 

-1 .94 mph 8.24 mph 
-4 .92 mph 7.58 mph 

90 120 

11.0' 

-60 .0 
-13 .5 
-10 .5 

-5 .6 
10.4 
48.2 
34.9 

+60.0 

54.6' 

34.5 
18.0 
40.0 
41.1 
40.0 
35.8 



Table 4. S t a t i s t i c a l Characterist ics of Model 

b. Relationships Between Model Parameters 

Variable Symbol 

Temporal Variation DMAJ 
of Cell Axes DMIN 

Temporal Variation XMAX 
of Rainfal l Intens i ty 

Maximum Rainfal l Int . 
at the Cell Center 

Dis tr ibut ion Parameter 
Along Minor Axis 

Spatial Var. of Rainfal l I 
Int . Along the Axes 

Type of 
Relation 

Equation 

Reg. e q . ( l ) =.39-1.06T+15.04T 2 -27.8T 3 + 
13.St h+€ 

=.37+0.57T+8.50T -19.9T + 
ll.OT^+e 

=.14+1.91T+4.95T 2-14.8T 3+8.18T 4+e Reg. eq. 
Lin. i n t . (2) 0 .4 -0 .6 
Lin. i n t . < 0.6 

2 1/2 
XMAXI Lin. reg. (3) =0.0667+0.0068 XI+RNNxa(1-R ) ' 

Reg. eq. 

Bivariate 
D i s t . 

=0.112+1.187 b 2 + R N N x a 1 ( l - R 2 ) 1 / 2 

= I q e x p - C b ^ + b ^ 2 ) 

(1) Reg. eq. = Regression equation 
(2) Lin. i n t . = Linear interpolat ion 
(3) Lin. reg. = Linear regress ion 

T = Percent of c e l l duration 
e = Random element 
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generation process of the maximum minor c e l l axis i s ca l led a re jec t ion 

method (40) . 

1. The maximum major c e l l axis (DMMAJ) was drawn from a normal 

probabi l i ty density function with a mean of 7.16 mi l e s , and a 

standard deviat ion of 1.47 mi le s . (Samples from the normal 

density function with mean zero and standard deviat ion of unity 

were generated by summing twelve random numbers and subtracting 

s i x fromthe t o t a l . ) 

2. A pair of random numbers* RN̂  and RN̂  were generated by a 

function subroutine. 

3. By using the information obtained in parts 1 and 2, the following 

r e l a t i o n was es tabl i shed to generate a random value for the maximum 

minor c e l l ax is in the range (AA, CC). (See Figure 32) 

DMMIN = AA + RN (CC-AA) (5) 
- L 

4. By the use of second random number(RN^), a value for function 

Z = RN2 (2/(CC-AA)) was found. If the density function F was l e s s 

than or equal to the function Z, then the value of DMMIN was 

accepted; otherwise, a new pair of random numbers were generated 

and the method was repeated s tar t ing from step 2. 

Cell Duration 

The c e l l duration was se lec ted from a normal density function with 

a mean of 53.3 minutes and standard deviat ion of 15.9 minutes. 

*The term "random number" refers to a random variate se l ec ted from a 
uniform probabi l i ty density function over the interval 0.0 to 1 .0 . 
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Temporal Variation of Cell Axes and Rainfal l Intens i ty at the Cell Center 

i . Temporal Variation of Cell Axes. As was mentioned in Chapter 

the re la t ionsh ip between the dependent variable Y, which in th i s case i s 

the value of the dimensionless c e l l a x i s , and the independent variable T, 

which i s the cumulative percentage of c e l l l i f e , was in the power s er i e s 

form. The f i r s t four terms of the polynomial were retained and f i t t e d 

to data by the l e a s t squares method. The c o e f f i c i e n t s of the polynomial 

were chosen so that the sum of the squares of deviat ions from the l i n e 

was minimum. The fol lowing re lat ionship was used to generate random 

values of Y by adding a random error component as shown in equation (6) 

Y. = a_ + a-T + a_T 2 + a 0 T 3 + a.T. + e. (6) j 0 1 2 3 4 4 j 

th 

where e- i s the random component associated with the j values 

of Y. The random component was generated from a normal d i s t r ibut ion 

function and a^, a^, a.^, a^, and a^ are the values of the polynomial 

c o e f f i c i e n t s . The random error component was obtained by multiplying 

the standard error of estimate by a random normal number with zero mean 

and unit variance. The values of the c o e f f i c i e n t s for major and minor 

axes and the standard errors of estimae (S ' s ) are 
e 

a 0 a l a 2 a 3 a 4 S e 
Major 0.39 -1 .06 15.04 -27.80 13.84 0.035 

Minor 0.37 0.57 8.50 -19 .91 11.00 0.042 

i i . Temporal Variation of Rainfal l Intens i ty at the Center of 

the Ce l l . The var ia t ion of i n t e n s i t y was grouped into three ca tegor ie s . 

In the f i r s t category, the r a i n f a l l i n t e n s i t i e s at the c e l l centers were 



l e s s than 0.40 inches per ten minutes and were represented by a poly

nomial equation of the form shown in equation (6 ) . The c o e f f i c i e n t s 

of the equation were a Q = 0 .14 , a 1 = 1.90, a 2 = 4 .95 , = 14 .82 , and 

a^ = 8 .18 . The other two ca tegor i e s , which were grouped in two ranges, 

0.40 to 0 .60 , and greater than 0.60 inches per ten minutes, were not 

f i t t e d by a polynomial because of greater skewness and steepness of the 

d i s t r ibut ion curves. A method of l inear interpolat ion was used in the 

simulation runs. A s e r i e s of 50 T's (dimensionless c e l l duration) and 

Y's (ordinates of the r a i n f a l l i n t e n s i t y curves) were read into the 

computer; the r a i n f a l l i n t e n s i t y at intermediate values of T were found 

by l inear in terpo la t ion . 

Maximum Rainfal l Intens i ty at the Center of the Cell 

A re la t ionsh ip between the c e l l duration ( t ) and the logarithm 

of maximum r a i n f a l l in t ens i ty (I ) at the center of the c e l l was 
o max 

l i n e a r . The l inear regression re la t ion defined by a s tra ight l i n e in 

Figure 16 of Chapter III provided the bas i s of a procedure for generating 

the maximum r a i n f a l l i n t e n s i t y which occurs during the l i f e of a c e l l . 

A random component was added as shown in the following equation during 

the generation of maximum r a i n f a l l i n t e n s i t i e s . 

Y = a + a t + RNN a ( 1 - R 2 ) 1 / 2 (7) u 1 y 

In equation (7) a Q = -0 .667 , = 0.0068, t i s the c e l l duration in 

minutes, RNN i s a normal random var iate with zero mean and unit standard 

deviat ion , R i s the c o e f f i c i e n t of corre lat ion between c e l l duration and 

maximum r a i n f a l l i n t e n s i t y , i s the and Y i s a logarithm of the maximum 

r a i n f a l l i n t e n s i t y . 



The d i s t r ibut ion of the maximum r a i n f a l l i n t e n s i t i e s at the c e l l 

centers generated by equation (7) showed a d i s tr ibut ion shi f ted to the 

right as compared to the h i s t o r i c a l data. The reason for th i s was that 

in the simulated model the maximum r a i n f a l l i n t e n s i t i e s were assumed to 

be at the center of e l l i p t i c a l i s o h y e t s , but in the observed storm c e l l s 

the maximum i n t e n s i t i e s were always assumed to be at a raingage. The 

simulated model study showed that the d i s t r ibut ion of the maximum ra in

f a l l i n t e n s i t i e s could be improved i f 0.065 inches of r a i n f a l l , as shown 

in equation (8 ) , i s added to an antilogarithm of a simulated maximum 

r a i n f a l l i n t e n s i t y . Therefore the following re la t ion was used to make 

th i s adjustment. 

(I ) = exp(Y) + 0.065 (8) o max 

where (I ) i s the maximum r a i n f a l l i n t e n s i t y at the center of the c e l l o max 

during i t s l i f e . 

Spatial Variation of Rainfal l Intens i ty Along the Cell Axes 

The point r a i n f a l l i n t e n s i t i e s at the ground surface were generated 

by a b ivar ia te d i s t r i b u t i o n equation. Equation (4) given in Chapter III 

was used to describe the d i s t r ibut ion of r a i n f a l l i n t e n s i t i e s along the 

c e l l axes and the following procedure was used for determining the point 

r a i n f a l l i n t e n s i t i e s (1^.) at any raingage locat ion which was within a 

r a i n f a l l pattern: 

1. The d i s t r ibut ion c o e f f i c i e n t b^ along the major axis was 

generated from a normal density function given in Figure 20. A 

l inear r e l a t i o n between the d i s t r ibut ion c o e f f i c i e n t s b_ and b 0 

1 z 
was es tabl i shed in Chapter I I I . 



2. Simulation required the addit ion of a random component to 

the re la t ionsh ip developed between b^ and b^* To generate the 

d i s t r i b u t i o n c o e f f i c i e n t b^ along the minor a x i s , equation (9) 

was used. 

b 1 = a Q + a x b 2 + RNN a 1 ( l - R 2 ) 1 / 2 (9) 

where a^ = 0 .112, a^ = 1.187, i s the standard deviat ion of 

d i s t r ibut ion c o e f f i c i e n t along minor a x i s , RNN i s a random normal 

number and R i s the corre lat ion c o e f f i c i e n t . 

3. Simulation proceeded by generating a maximum r a i n f a l l in tens i ty 

(I ) at the c e l l center (see equations 7 and 8) and by using o max J ° 

dimensionless r a i n f a l l i n t e n s i t y curves to find the maximum c e l l 

center i n t e n s i t y at time t . 

4. In order to compute the point r a i n f a l l in t ens i ty at any 

locat ion within a c e l l boundary, a b ivar iate d i s tr ibut ion function 

expressed by the following equation was used 

I (X,Y) = (I ) exp (- (b x 2 + b .Y 2 ) ) (10) 
L O U L ± 

where X and Y are the coordinates of a raingage locat ion with 

respect to the c e l l center. 

Direct ion and Speed and Cell Movement 

The f i r s t step in generating d irect ion and speed of c e l l movement 

was to simulate two values for the wind speed and direct ion at the 500 mb 

l e v e l . 

During the simulation of the c e l l speed deviat ion from the wind 

speed, two normal probabi l i ty density functions were used. During the 



time when the r a i n f a l l i n t e n s i t y at the c e l l center was increas ing, the 

c e l l speed deviat ion was generated from a normal function with a mean 

of -1 .94 mph. When the r a i n f a l l i n t e n s i t y was decreasing, the mean c e l l 

speed deviat ion from the wind was -4 .92 mph. The mean and the standard 

deviat ion for both increasing and decreasing r a i n f a l l i n t e n s i t y were 

- 4 . 0 mph and 8.0 mph, r e s p e c t i v e l y . During the middle period of c e l l l i f e 

(35 to 50 percent of c e l l duration) , r a i n f a l l i n t e n s i t y and c e l l s i z e 

general ly reached a maximum value , and the c e l l s were observed to move 

with a v e l o c i t y equal to or l e s s than the wind v e l o c i t y . In order to 

simulate the c e l l movement during t h i s period, c e l l speed deviat ions 

from the wind were l imited to zero or negative va lues . 

The mean wind d irec t ion was found to l i e along a l i n e East 24.5 

degrees North. The d i s t r ibut ion of the wind d irec t ion was represented 

by a normal density function. The c e l l d irect ion during period t was 

re lated to the c e l l d irec t ion during period t - 1 . This approach required 

only the f i r s t c e l l d irec t ion to be generated from a re la t ionship in which 

the wind d irec t ion was a factor . The other c e l l d irec t ion deviat ions 

were generated by u t i l i z i n g a marginal probabi l i ty tab le . The use 

of marginal p r o b a b i l i t i e s was necessary in order to preserve the 

s e r i a l corre la t ion between the success ive c e l l d i r e c t i o n s . In Table 5, the 

number of the observed c e l l d irec t ion deviat ions during period t with 

respect to the period t - 1 i s tabulated. The c e l l d irec t ion deviat ions 

are grouped into e ight ca tegor i e s , each of which covers a 30 degree interval 

The observed number of c e l l d irec t ion deviat ions grouped into the middle 

s i x c a t e g o r i e s , between 0.0 and + 90 degrees, showed that the data can be 

f i t t e d by normal d i s t r i b u t i o n funct ions . The s t a t i s t i c s of these d i s t r i -



Table 5. Marginal Probabil i ty Distr ibut ion 
6 2 ( c e l l d irect ion deviat ion during period t ) 

120 90 60 30 0.0 -30 -60 -90 -120 

Uniform 1 1 1 2 

Normal 1 - 1 3 1 2 

Normal 2 9 2 

Normal 1 3 8 7 4 4 1 

Normal 1 1 3 7 5 5 

Normal 1 3 8 3 2 1 

Normal 1 3 3 2 1 

Uniform 1 1 1 1 
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butions are given in Table 4a. Due to the l e s s e r number of observed c e l l 

d irec t ion deviat ions in the range outside of + 90 degrees, the proba

b i l i t y functions are represented by continuous uniform d i s t r i b u t i o n s . 

During the simulation process of c e l l d irec t ion deviat ions from 

the wind the fol lowing steps were followed: 

1. The c e l l d irec t ion deviat ion from the wind during the f i r s t 

period of c e l l l i f e was generated from a normal density function 

presented in Figure 25. (Refer to Chapter I I I ) 

2. The other c e l l d irect ion deviat ions were generated by the 

use of Table 5 in which the marginal probabi l i ty d i s t r ibut ion 

of c e l l d irec t ion deviat ion during period t was tabulated with 

respect to the period t - 1 . As an example, i f the deviat ion of 

c e l l d irec t ion from the wind at the f i r s t f ive minute period 

i s in the range of 0° to - 3 0 ° , then the c e l l d irec t ion 

deviat ion at 15 minutes of c e l l l i f e would be generated from a 

normal d i s t r ibut ion function whose mean and standard deviat ion 

was - 5 . 6 and 40°, r e s p e c t i v e l y . (Refer to Table 4a) 

3. The procedure reverts to step 2 for the other periods of c e l l 

l i f e u n t i l the c e l l duration i s completed. 

Number and Orientation of Cel ls 

The t o t a l number of c e l l s simulated within a storm period* ranged 

between two and nine . The number of c e l l s was se lec ted from a d i scre te 

uniform d i s t r i b u t i o n . The number of independent c e l l s ac t ive at one time 

*Storm period i s a time dif ference between the i n i t i a t i o n and cessat ion 
of prec ip i ta t ion during which the number of c e l l generated ranged between 

two and nine. 



was a l so generated from a d i scre te uniform d i s t r ibut ion on the interval 

one to three. Seventy-f ive percent of the time, a dependent, or a baby 

c e l l , was generated at a mean distance of f i ve miles from the center of 

the independent c e l l . The or ig in of the baby c e l l was within the third 

or fourth quadrant of a cartes ian coordinate system formed by the major 

and minor axes . The time lag between generation of the two c e l l s was 10 

to 40 minutes. In addit ion to the formation of primary baby c e l l s , there 

was a 50 percent chance of forming secondary baby c e l l s from primary c e l l s . 

The or ig in of secondary baby c e l l s was re lated to the temporal and spat ia l 

c h a r a c t e r i s t i c s of primary baby c e l l s in the same way as the primary baby 

c e l l s were re lated to the independent c e l l . The same method of generating 

baby c e l l s was followed for a l l the independent number of c e l l s generated 

at one time u n t i l the t o t a l number was completed. Then, i f the t o t a l 

number of c e l l s within a storm was not complete, a new se t of independent 

c e l l s was generated with a time lag of 10 to 80 minutes from the previous 

se t of independent c e l l s and the procedure was repeated. When the duration 

of the e x i s t i n g c e l l s was equal to the time lag between generation of 

baby c e l l and e x i s t i n g c e l l , then two primary baby c e l l s were generated 

from the e x i s t i n g c e l l at the downwind ( f i r s t and second quadrant) s ide 

of the e x i s t i n g c e l l major axis d i rec t ion . 

When simulated c e l l s did not pass over any raingage in the network, 

the c e l l s were dropped from consideration and addit ional c e l l s were 

generated to take the place of those dropped. 

Simulation Program 

A computer program was writ ten in FORTRAN language which has 

the following s tructure . The main program statements handle input-output 



as we l l as the sequence of the simulation procedure. The f i r s t part of the 

program includes ins truct ions to control the value of the model parameters 

as wel l as to read the raingage l o c a t i o n s . Part two pertains to the dynamic 

part of the program in which the c e l l i s moved forward through ten-

minute time increments, s tar t ing from the f i r s t f ive minute period. 

Rainfa l l i n t e n s i t y values are generated throughout the l i f e of the c e l l 

and are printed at 5, 15, 25, . . . . e t c . minutes of c e l l durection, the 

midpoints of the ten-minute periods . Subroutines are provided to generate 

primary and secondary baby c e l l s and to s tore the necessary values for 

print ing and p l o t t i n g of the computer outputs. The raingage locat ions 

and the i sohyeta l s c e l l s patterns were p lot ted by a Calcomp p l o t t e r . 

During the process of s imulat ion, subprograms are ca l led for generating 

new values of the c e l l parameters whenever they are needed. 

To simulate s tochas t i c processes , uniformly dis tr ibuted and s t a t i s 

t i c a l l y independent numbers are needed. For the purpose of t h i s study, 

a m u l t i p l i c a t i v e congruential method was used to generate random numbers. 

This method has been found to behave s t a t i s t i c a l l y quite wel l and, further

more, by s e l e c t i n g an appropriate mul t ip l i er and random number, a maximum 

period in the generated sequences i s insured. 

The or ig ins of the independent c e l l s were generated within a 

rectangular area, 25.0 miles by 7.5 m i l e s , with the major axis of the 

rectangle placed along the major axis of the watershed, which was at an 

angle of 30 degrees counterclockwise with respect to north. Two 

rectangular coordinate systems were used in the computer program; one 

had a f ixed or ig in and fixed axis or ientat ion to which the raingage 



coordinates were referred. The or ig in of th i s system was se l ec ted as the 

middle raingage s t a t i o n . In the second coordinate system, the or ig in 

moved along the trajectory of the storm c e l l and the perpendicular axes 

were oriented along the minor and major axes or the e l l i p t i c a l c e l l . The 

independent thunderstorm c e l l s , which were i n i t i a l l y generated at random 

within the rectangular area, could e a s i l y be followed. The primary and 

secondary baby c e l l s were expressed in terms of the Lagrangian coordinate 

system and the c e l l boundaries were es tabl i shed so that the locat ion of 

raingages could be expressed with respect to the i sohyeta l c e l l center. 

In order to describe the simulation procedure followed in the 

model, a step by step sequence i s presented and a flow chart i s drawn 

to show the sequences of model operation in a schematic manner. The 

schematic flow chart i s shown in Figure 33. A deta i led flow chart i s 

attached in Appendix C, in Figure C.2. 

Step 1 

The means and variances of the probabi l i ty density functions 

used in the model are spec i f i ed as input data. Polynomial 

c o e f f i c i e n t s for the fourth order equations and the coordinates 

of the raingages are a l so input data. 

Step 2 

The wind speed i s se l ec ted from a triangular d i s t r ibut ion which 

covers the range between zero and 32 mph and shows a peak wind 

v e l o c i t y of 12 mph. The d irect ion of the wind i s generated from 

a normal density function with a mean of E24.5N degrees and 

standard deviat ion of E74.0N degrees. 
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The t o t a l number of c e l l s simulated within a storm period i s 

generated from a uniform d i s t r ibut ion on the interva l two 

to nine . The number of independent c e l l s generated at 

one time ranges from one to three , with a time lag of 10 to 

80 minutes from the previous se t of independent c e l l s . 

Step 4 

The or ig in of an independent c e l l i s generated at random within 

the target area. By a random process , a dec is ion i s made as to 

whether or not a baby c e l l w i l l be allowed to or ig inate from an 

e x i s t i n g c e l l . Seventy-five percent of the time, a primary baby 

c e l l or ig inates from an e x i s t i n g c e l l . 

Step 5 

The c e l l duration, the maximum r a i n f a l l i n t e n s i t y at the center 

of the c e l l during the l i f e of the c e l l , the maximum major c e l l 

ax is at the time of maximum c e l l growth, and the d i s tr ibut ion 

c o e f f i c i e n t s of r a i n f a l l i n t e n s i t y along the major axis (b^) are 

generated from normal frequency curves and the d i s tr ibut ion 

c o e f f i c i e n t b^ and the maximum minor c e l l axis are determined 

from the re la t ions es tabl i shed among b^ and and maximum major 

and minor axes . The values are stored for use in l a t er s t eps . 

The following steps keep track of an e x i s t i n g c e l l trajectory and 

c e l l charac ter i s t i c s at times of 5, 15, 25, . . . e t c . minutes of c e l l 

duration to insure the use of proper dimensions, and a lso to provide 



the necessary information for locat ing the or ig in or primary and secondary 

baby c e l l s . 

Step 6 

In the f i r s t s t e p , the program simulates the major and minor c e l l 

axes and the r a i n f a l l in tens i ty at the c e l l center for the f i r s t 

f i ve minute period. Then the c e l l i s moved forward through ten 

minute time increments. The c e l l speed deviat ion and c e l l d irect ion 

deviat ion from the wind are generated to determine the pos i t ion 

of the c e l l with respect to the f i r s t cartes ian coordinate system. 

The c e l l coordinates are expressed in terms of the Lagrangian 

frame of reference. 

Step 7 

After the transformation of the raingage coordinates and the 

c e l l i sohyet boundaries are completed, the point r a i n f a l l i n t e n s i t i e s 

at the raingages within the c e l l boundary are ca lcu lated . 

The s ix th and seventh steps are repeated as many times as needed 

u n t i l the c e l l duration i s completed, or the c e l l center coordinates f a l l 

outs ide of the target area. 

Step 8 

Depending upon the decis ion made in Step 4, a primary baby c e l l 

or ig inates from an e x i s t i n g c e l l provided that the e x i s t i n g c e l l 

has dropped r a i n f a l l on at l e a s t one raingage. In addit ion to the 

formation of the primary baby c e l l , 50 percent of the time the 

secondary c e l l i s generated from the primary c e l l within a 

distance of two to e ight miles from the center of the primary c e l l . 
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The size, rainfall intensity, and the duration of a baby cell 

are generated as the program sequence is returned to Step 5. 

Step 9 

After simulation is completed for the total number of independent 

cells generated at a given time, a check is made to determine if 

the total number of cells generated equals that selected in Step 3. 

If it does, the sequence of the program begins again at Step 3. 

Otherwise, one to three additional cells are generated and the 

process described in Step 4 through 9 is continued. 



CHAPTER V 

DATA ANALYSIS AND MODEL TESTING 

This chapter i s devoted to data analys i s and comparison of 

h i s t o r i c a l and simulated thunderstorm r a i n f a l l . The s tochas t i c thunder

storm model i s designed to reproduce the c e l l charac ter i s t i c s of the 

h i s t o r i c a l storms through simulation of surface r a i n f a l l pat terns . The 

t e s t i n g of the model i s based on a comparison of thunderstorm r a i n f a l l data 

generated by a computer model with data from three years of h i s t o r i c a l 

records. 

The procedure for t e s t i n g the model was, in p r i n c i p l e , s t r a i g h t 

forward. Bas i ca l ly , the process was one of comparing simulated data with 

h i s t o r i c a l data. However, d i f f i c u l t i e s arose because the simulated and 

h i s t o r i c data are p r o b a b i l i s t i c in nature and because a large amount of 

e f fort i s required to define the d e t a i l s of i sohyets generated over short 

time i n t e r v a l s . Therefore, a method of t e s t i n g based on data other than 

that given by short-time interval i sohyets was used. The r a i n f a l l para

meters which were used for model t e s t i n g were se l ec ted because they (1) 

were throught to be representat ive of many of the most important features 

of thunderstorm r a i n f a l l , (2) were r e l a t i v e l y easy to obtain, and (3) had 

not been d i r e c t l y b u i l t into the model.* 

*The s t a t i s t i c a l charac ter i s t i c s b u i l t in to the model were, of course, 
reproduced by the model. This was affirmed by comparing the character i s 
t i c s of the generated data with the h i s t o r i c a l data on which the model 
was based. 



Most of the model t e s t i n g involved analys i s of the r a i n f a l l which 

occurred at the gage with maximum r a i n f a l l . This i s the gage which recorded 

the maximum t o t a l depth within a closed i sohyeta l pattern during the l i f e 

of a storm. Thus, more than one gage could be used, s ince d i s t i n c t i sohyeta l 

patterns created by separate c e l l s could occur over the gage network. 

This d e f i n i t i o n of the maximum r a i n f a l l gage appl ies to both h i s t o r i c a l 

and simulated data. The number of d i s t i n c t patterns usually ranged from 

one to four with two being the most commonly observed number. Rainfal l 

at the gage with the second highest r a i n f a l l was a l so used to t e s t the 

model, as were s t a t i s t i c s on the number of c e l l s ac t ive at ten-minute 

in terva l s over the gage network. Hence, the t e s t i n g of the model was 

based on r a i n f a l l charac ter i s t i c s as seen from an Eulerian frame of reference 

while the generation of the r a i n f a l l took place in a Lagrangian reference 

frame. 

I t should be pointed out that the h i s t o r i c a l data used to t e s t 

the model was not the same as that used to se t the parameter values of the 

model. The model formulation and parameter evaluation was based on data 

from 1967 while data from 1968, 1969, and 1970 were used for model t e s t i n g . 

The r a i n f a l l charac ter i s t i c s used to t e s t the model are l i s t e d below and 

described in subsequent paragraphs. 

1. The frequency d i s tr ibut ion of r a i n f a l l duration at the ra in
gage recording the maximum amount of accumulated r a i n f a l l . 

2. The frequency d i s t r ibut ion of the maximum amount of accumulated 
r a i n f a l l at the gage with maximum r a i n f a l l . 

3. The frequency d i s t r ibut ion of maximum ten-minute r a i n f a l l 
i n t e n s i t y at the maximum-rainfall gage. 



4. The re lat ionship between the duration of r a i n f a l l and the 
maximum amount of accumulated r a i n f a l l at the maximum-
r a i n f a l l gage. 

5. The r e l a t i o n between auto corre lat ion c o e f f i c i e n t s and 
the time lag of r a i n f a l l s between the maximum-rainfall gages 
and second maximum-rainfall gage. 

6. The re la t ionsh ip between corre la t ion c o e f f i c i e n t s of t en -
minute r a i n f a l l and distance between the gages 
recording the two highest accumulated amounts of r a i n f a l l . 

7. The frequency d i s t r ibut ion of the number of ac t ive c e l l s 
present during ten-minute periods . 

I n i t i a l runs with the computer model indicated that some modifi

cat ions were needed to bring the performance of the model into l i n e with 

the observed storms. Some of the modifications were simply changes in the 

parameters of the frequency d i s t r ibut ions of the c e l l c h a r a c t e r i s t i c s . 

Some other changes were required in the in t er ior structure of the model. 

These changes are included in the model descr ipt ion in Chapter IV. On 

the bas i s of knowledge gained from these i n i t i a l runs, further computer 

runs were performed to t e s t the e f f e c t of the improvements made on the 

model parameters as wel l as to get a more complete understanding of the 

capabi l i ty of the model. 

One hundred and twelve thunderstorms were studied during the summer 

months of 1968, 1969, and 1970. To f a c i l i t a t e the model t e s t i n g , and to 

make the comparison of both h i s t o r i c a l and simulated data e a s i e r , the 

t o t a l storm i sohye ta l s for observed and simulated storms were drawn and 

the maximum r a i n f a l l gages were s e l e c t e d . From the t o t a l r a i n f a l l p l o t s , 

231 gages with maximum r a i n f a l l were se l ec ted and the r a i n f a l l data from 

these gages were compared with s imi lar data obtained from the generated 

thunderstorms. 



The observed data on the temporal d i s t r ibut ion of r a i n f a l l 

i n t e n s i t i e s recorded at the f i r s t and second maximum-rainfall gages were 

s tudied . Peculiar i n t e n s i t y charac ter i s t i c s were observed at the end of 

each r a i n f a l l period. The i n t e n s i t i e s with l e s s than one tenth of an 

inch of r a i n f a l l during the d i s s ipa t ing stage of the c e l l were not 

recorded as a continuous sequence of r a i n f a l l i n t e n s i t i e s . Instead, one-

tenth increments were recorded within varying time in terva l s which ranged 

between ten minutes and approximately two hours. I t was a lso observed that 

the time lag between the i n i t i a t i o n of r a i n f a l l at the maximum and second 

maximum r a i n f a l l gages depended upon the rate of r a i n f a l l and a lso the 

number of c e l l s passing over the raingages. The temporal d i s t r ibut ion of 

r a i n f a l l at the maximum and at the second maximum-rainfall gages were 

s imi lar . The i n i t i a t i o n of ra in , the time of occurance of r a i n f a l l of 

highest i n t e n s i t y , and the cessat ion of r a i n f a l l general ly occurred with 

a zero to ten-minute lag between the maximum and second maximum r a i n f a l l 

gages. The shorter time lags were measured on the more densely gaged 

areas of the watershed. The second maximum r a i n f a l l was recorded at a 

raingage along the major axis of the t o t a l storm i sohyet . The average 

distance between the two maximum-rainfall gages was three or one and 

one-half miles depending upon the density of raingage network. 

In Table D . l , the temporal d i s t r ibut ions of the maximum ra in

f a l l s at the gages are tabulated. The analys i s of data indicated, in 

general , three types of c e l l movements over maximum r a i n f a l l gages. The 

fol lowing l i s t of c e l l movements were most commonly observed: 

1. Eighty percent of the time a s ing le c e l l passed over the 
maximum-rainfall gage. 

2.a.Ten percent of the time, two c e l l s passed over the maximum 
r a i n f a l l gage within a time in terva l of 10 to 40 minutes. 

b.Three to four percent of the time two independent c e l l s passed 



over the maximum-rainfall gage within a time period of two 
hours or more. 

3. About s i x or seven percent of the data showed three or more 
c e l l s within a varying time in terva l (from 10 minutes up to 
two hours) passing over the same maximum-rainfall gage. 

In each of the three cases s tated above, the following assumptions 

and corresponding adjustments were made on the r a i n f a l l data for the 

maximum-rainfall gage and second maximum-rainfall gage. 

1. When one-tenth of an inch of r a i n f a l l was recorded within a 
time in terva l of 20 minutes or l e s s , the r a i n f a l l rate was 
assumed to be continuous. 

2. If an increase of one-tenth of an inch in the amount of r a i n f a l l 
required more than 20 minutes to accumulate, the r a i n f a l l rate 
was assumed to be zero during t h i s i n t e r v a l . This assumption 
was made even though the rain code indicated that rain f e l l 
on the raingage within that time period. 

3. If two consecutive continuous sequences of r a i n f a l l s were 
observed within a time interva l of two hours at the maximum 
r a i n f a l l gage, then each of the r a i n f a l l sequences was con
sidered to be a separate record. 

The above assumptions were needed because the model was not pro

grammed to generate low i n t e n s i t y continuous r a i n f a l l sequences at the 

end of a r a i n f a l l duration from a s ing le thunderstorm c e l l trave l ing over 

the raingage. The model was a l so not programmed to generate m u l t i c e l l s 

within a time in terva l of two hours or more. The r a i n f a l l i n t e n s i t i e s 

grouped in categories 1 and 2a were generated reasonably wel l by the model. 

For model t e s t i n g , one hundred and seventeen storms were generated. 

The t o t a l storm i sohye ta l s were drawn to s e l e c t the synthet ic maximum-

r a i n f a l l gages. Three hundred and eight maximum-rainfall gages were 

i d e n t i f i e d and the synthet ic data at the raingages was stored to be used 

in the model t e s t i n g . A greater number of i so la ted r a i n f a l l patterns 

were generated in the simulated storms because: 



1. The parameters (distance , l oca t ion , speed, and direct ion) 
which control led the formation and movement of baby c e l l s in 
the simulated r a i n f a l l with respect to an e x i s t i n g c e l l were 
not capable of producing wel l organized storm i sohyeta l 
patterns such as appeared in the observed storms. 

2 . The generation of baby c e l l s from the e x i s t i n g c e l l s was 
not allowed in the case of no r a i n f a l l records at the ra in 
gages from the movement of e x i s t i n g c e l l s . Instead, an 
addit ional number of independent c e l l s were generated in 
place of the discorded c e l l s . Consequently, the c e l l s were 
more scattered over the watershed. 

Some other discrepencies were noted between the model r e s u l t s and 

the h i s t o r i c a l r a i n f a l l . Some of the di f ferences could be attr ibuted to 

the complexity of the c e l l charac ter i s t i c s and to the high probabi l i ty that 

no gage was present at the actual c e l l centers where the maximum r a i n f a l l 

a c t i v i t y occurred. Some other di f ferences were due to generation of 

overlapping c e l l s by the model. In the case of overlapping c e l l s , the 

amount of p r e c i p i t a t i o n was overestimated. When no gage was present near 

the center of the c e l l , the values of maximum accumulated r a i n f a l l s were 

underestimated. 

In Figures 34 to 40 the re su l t s of the simulated s tudies are com

pared with the h i s t o r i c a l va lues . The r a i n f a l l parameters u t i l i z e d for 

the model t e s t i n g w i l l be discussed in more d e t a i l in subsequent sec t ions 

of t h i s chapter. 

1. The Frequency Distr ibut ion of Rainfal l Duration at the Gage with 

Maximum Rainfal l 

In order to determine the duration of r a i n f a l l at the maximum 

r a i n f a l l gage, the centers of the storm isohyets were ident i f i ed from the 

storm maps. Depending upon the temporal d i s t r ibut ion charac ter i s t i c s of 



r a i n f a l l generated at the maximum and second maximum gages*, the three 

types of adjustments which were already mentioned were made on the ra in 

f a l l data. The duration of r a i n f a l l at the gage recording the maximum-

r a i n f a l l in the h i s t o r i c a l storms ranged from ten minutes for a s ing le 

c e l l passing over the raingage to 150 minutes for a storm during which 

continuing c e l l s , with small time in terva l s between c e l l s (ten minutes 

to 40 minutes) , were observed. The frequency d i s t r ibut ions of r a i n f a l l 

duration for the observed and the simulated r a i n f a l l data are p lot ted in 

Figure 34. The type of trend represented by the frequency bars was 

s imi lar for both h i s t o r i c a l and generated storm s t u d i e s . The most f r e 

quent duration of r a i n f a l l at the maximum r a i n f a l l gage was between 30 

and 40 minutes. At the 0.01 l e v e l of s i g n i f i c a n c e , a t - t e s t , showed that 

the mean values of the observed and simulated storms were not d i f f erent . 

2. The Frequency Distr ibut ion of the Maximum Accumulated Rainfal l at the 

Gage with Maximum Rainfal l 

The s t a t i s t i c for the maximum amount of r a i n f a l l for the h i s t o r i c a l 

storms was obtained from the data presented in Table D . l . The frequency 

d i s t r ibut ions of the h i s t o r i c a l and simulated data are drawn in Figure 35. 

The most frequent maximum amount of r a i n f a l l was found to be in the range 

of 0.5 to 1.5 inches . The generated data showed comparatively higher 

frequencies in the range 0.5 to 1.5 inches , and lower frequencies outside 

th i s range. The reason for th i s dif ference between generated and observed 

*If the time in terva l between the two consecutive c e l l s passing over the 
maximum r a i n f a l l gage i s equal to greater than one hour, then the duration 
of r a i n f a l l for each c e l l was considered to be a separate record. If 
the time in terva l was l e s s than an hour, the duration of r a i n f a l l was 
assumed to be a continuous record. 



I l l 

>1 
0 
c 
<D 
r-l 
Q) 
U 

TU > 
• H 
• P 

rd 
r H 

« 

. 2 4 1 

. 2 2 

. 2 0 

. 1 8 1 

. 1 6 

. 1 4 

. 1 2 

. 1 0 

. 0 8 

. 0 6 -

. 0 4 

. 0 2 

. 0 0 

i 

I 

i 

I 

0 

i 

/ 
/ 
/ 

< 

j 

L e g e n d 

O b s e r v e d 

S i m u l a t e d 

-41 rfL 
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 0 1 1 0 1 2 0 

D u r a t i o n ( i n m i n u t e s ) 

F i g u r e 3 4 . R a i n f a l l D u r a t i o n a t t h e M a x i m u m R a i n f a l l 
R e c o r d i n g R a i n g a g e 





data was re lated to the categories of thunderstorm r a i n f a l l included in 

the model. Categories 1 and 2a, the categories of observed prec ip i ta t ion 

included in the model, did not include some of the m u l t i c e l l events observed 

h i s t o r i c a l l y . I t was these m u l t i c e l l events which were responsible for a 

portion of the high h i s t o r i c a l r a i n f a l l s , and hence the generated data 

showed a lower frequency of large events . The hypothesis that there was 

no di f ference between the means of the observed values and the mean of 

the generated values could not be rejected at the 0.005 l e v e l of s ign i f i cance 

with the "t " t e s t of s t a t i s t i c s , o 

3. The Frequency Distr ibut ion of Maximum Ten-minute Rainfal l Intens i ty 

at the Maximum Recording Gage 

The analys i s of observed and simulated r a i n f a l l data indicated 

that the maximum r a i n f a l l i n t e n s i t y occurred in the f i r s t two ten-minute 

time periods . The frequency d i s tr ibut ions of the r a i n f a l l i n t e n s i t i e s 

observed and generated by the model at the maximum-rainfall gage are 

p lot ted in Figure 36. The maximum ten-minute r a i n f a l l i n t e n s i t i e s ranged 

from 0.10 inches for short duration c e l l s to 1.20 inches per ten minutes 

for highly in tens ive and long duration c e l l s . The most frequent maximum 

r a i n f a l l i n t e n s i t y was about 0.30 inches per ten-minute period. The mean 

values of the generated and the observed d i s tr ibut ions were 0.41 and 0.44 

inches re spec t ive ly . The hypothesis that there was no difference between 

the mean of the observed values and the mean of the generated values could 

not be rejected at the 0.05 l e v e l of s i gn i f i cance . 

4. The Relationship Between the Duration of Rainfal l and the Maximum 

Amount of Accumulated Rainfal l 

The average duration of r a i n f a l l was computed for each t o t a l maxi-
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mum r a i n f a l l depth, e . g . , a l l storms in which the maximum t o t a l r a i n f a l l 

depth was 0.4 inches were grouped and the average duration computed. This 

was done for a l l recorded depths where there were at l e a s t four storms 

producing the same maximum t o t a l depth. The maximum amount of r a i n f a l l 

found in both the h i s t o r i c a l and generated data at the maximum-rainfall 

gage during a t o t a l storm period was p lot ted against the r a i n f a l l duration 

averaged for each t o t a l depth of r a i n f a l l . The re lat ionship between the 

r a i n f a l l duration and the maximum amount of r a i n f a l l at the maximum ra in

f a l l gage showed very high corre la t ion . The points shown in Figure 37 for 

observed and simulated data indicated a s imilar trend between the maximum 

amount of r a i n f a l l from 0.2 inches to 2.0 inches . Generally, l e s s than 

four storm records for the same maximum t o t a l depth were avai lable for 

the accumulated r a i n f a l l s greater than 2.0 inches . Therefore, the study 

for both simulated and observed data was l imited up to 2.0 inches of 

maximum r a i n f a l l . 

5. and 6. The Relation Between the Correlation Coeff ic ients versus Time 

Lag and Distance 
W 

For addit ional comparisons of r a i n f a l l charac ter i s t i c s in the h i s tor 

and synthet ic data, the following re la t ions were derived: 

a. The corre lat ion coe f f i c i en t computed from ten-minute r a i n f a l l 
values for the two raingages recording the maximum and second 
maximum-rainfall was analyzed in re la t ion to the distance 
between the gages. 

b. The corre lat ion c o e f f i c i e n t versus the time lag between the 
r a i n f a l l s recorded at the gages with maximum-rainfall and 
the second highest r a i n f a l l . 

The resu l t ing corre lat ion functions for each of the above re la t ions 

were p lot ted in Figures 38 and 39 for the observed and simulated va lues . 
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fol lowing conclusions were drawn from each of these p l o t s : 

The corre lat ion c o e f f i c i e n t s found for each 0, 10 or 20 minute 
time i n t e r v a l s at the two raingages were about ten percent 
lower in the simulated storms than those observed from the 
h i s t o r i c a l va lues . 

For the zero time lag between the r a i n f a l l s , the highest 
corre lat ion c o e f f i c i e n t was 0.63 and i t dropped to about 
0.40 when the time dif ference between the i n i t i a t i o n of 
r a i n f a l l s was increased to 20 minutes. 

An asymptotical ly decreasing type of re la t ion was apparently 
observed between the spacing of the two raingages and the 
corre lat ion c o e f f i c i e n t s . 

Larger corre lat ion c o e f f i c i e n t s were obtained in the denser 
part of the raingage network where the raingages were spaced 
one and one-half miles apart. 

The curves appeared to be asymptotic to the 0.40 l i n e of 
space corre lat ion c o e f f i c i e n t when the spacing between the 
two gages was increased to seven or eight mi les . 

7. The Frequency Distr ibut ion of the Number of Active Cel ls Present at 

Ten-minute Periods 

The frequencies of the number of ac t ive c e l l s over the gage network 

at ten-minute time in terva l s for the observed and generated data are 

p lot ted in Figure 40. The plot indicated that two was the most frequent 

number of c e l l s present with a ten-minute period. The frequency diagram 

obtained from the model gave a s imilar d i s tr ibut ion pattern to that 

observed h i s t o r i c a l l y , but the ordinates of the bars showing the r e l a t i v e 

frequencies were s l i g h t l y d i f f erent . In th i s study, the highest number 

of c e l l s observed or simulated within ten-minute period was seven. The 

hypothesis that there was no difference between the mean of the observed 

values and the mean of the generated values could not be rejected at 

the 0.05 l e v e l of s ign i f i cance . 

b 
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Summary 

It can be concluded from the r e s u l t s discussed in the above 

paragraphs that the model was capable of adequately reproducing the 

se l ec ted parameters. The frequency d i s tr ibut ions of the parameters and 

the corre lat ion c o e f f i c i e n t s were about the same for both h i s t o r i c a l and 

generated data. Some v a r i a b i l i t y in frequencies , such as in Figures 34, 

35, 36, and 40, for the observed and simulated data should be expected 

because the presence of ac t ive c e l l s over the gage network i s a random 

phenomena. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

A simple thunderstorm r a i n f a l l model has been developed based on 

observed storm c e l l c h a r a c t e r i s t i c s . The present model permits the simu

l a t i o n of thunderstorm r a i n f a l l over a network of gages in the Southeastern 

Coastal Plain area. 

The performance of the thunderstorm model can be judged successful 

on the bas i s of comparisons made in Chapter V between the h i s t o r i c a l and 

simulated r a i n f a l l c h a r a c t e r i s t i c s . The r a i n f a l l charac ter i s t i c s which 

are considered to be representat ive of the most important features of 

thunderstorm r a i n f a l l were produced s a t i s f a c t o r i l y by the model. 

Some modifications may resu l t from the study of addit ional h i s t o r i c a l 

data. For example, to get good agreement between simulated and observed 

data, i t was, in a few cases , necessary to make parameter adjustments. 

Therefore, any conclusions drawn from t h i s study should recognize these 

l imi ta t ions and r e s t r i c t i o n s . However, the overa l l performance of the 

model i s considered quite good. 

The fol lowing conclusions and recommendations derived from t h i s 

study should have an important bearing in future thunderstorm r a i n f a l l 

s t u d i e s . 

1. The r e s u l t s obtained from the p lo t s of success ive i sohyeta l c e l l 

patterns at ten-minute in terva l s indicated that further improvements in 
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understanding thunderstorm r a i n f a l l w i l l require s tudies on two spa t ia l 

s c a l e s : 

a. An intens ive inves t iga t ion of the c e l l charac ter i s t i c s 

should be done on a microscale l e v e l of storm a c t i v i t y . The 

reason for t h i s i s that the s i z e s of convective thunderstorm c e l l s 

are small and characterized by high temporal and s p a t i a l in t ens i ty 

gradients . 

b. The occurrence of c e l l s with respect to each other must 

be viewed on a larger sca le of storm a c t i v i t y , the macroscale. 

Because of these two l e v e l s of storm a c t i v i t y , i t i s recommended 

that both radar observations and surface r a i n f a l l measurement are needed. 

The movement of surface c e l l s observed by raingages could then be compared 

with storm echo patterns . The raingages would provide accurate p r e c i 

p i t a t i o n measurement and the radar would measure the larger spa t ia l 

v a r i a b i l i t y of r a i n f a l l . 

2. I t was found that a ten-minute period for p lo t t ing i sohyeta l 

maps provides for adequate de f in i t i on of c e l l shape and movement. Analyses 

based on five-minute in terva l s showed complex f luctuat ions (noise) in 

some of the time varying charac ter i s t i c s of the r a i n f a l l . Use of t en-

minute in terva l s tended to smooth the data and to make i t more meaningful 

by e l iminating these higher frequency var ia t ions . 

3. Quantitative knowledge was gained about many of the charac ter i s t i c s 

of thunderstorm r a i n f a l l . The following l i s t includes some of the in for

mation which can be readi ly summarized. 
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a. On an average, the maximum values of the minor and major 

axes of r a i n f a l l c e l l s were about 4.7 and 7.2 m i l e s , r e s pec t i ve ly . 

b. The c e l l l i f e varied between 30 minutes and 100 minutes 

with a mean of 53 minutes. 

c . The maximum c e l l s i z e was found to occur in the range from 

20 to 50 percent of c e l l l i f e . 

d. The maximum r a i n f a l l i n t e n s i t y rainged from 0.10 to 1.20 

inches per ten minutes. 

e . The most frequent maximum i n t e n s i t y values were between 

0.40 and 0.50 inches per ten minutes. 

f. The average number of c e l l s per storm was found to be f i v e , 

with the number ranging from two to nine . 

4. I t can be concluded that representat ive r a i n f a l l charac ter i s t i c s 

for model t e s t i n g may be determined from an Eulerian frame of reference, 

although the model operates in a Lagrangian reference frame. This method 

of model va l ida t ion i s r e l a t i v e l y easy and simple compared to methods which 

require large amounts of e f fort to analyze the r a i n f a l l data. 

5. In order to study the motion of surface thunderstorm c e l l s , 

more accurate measurement of the upper wind data at d i f ferent pressure 

l e v e l s (850, 700, and 500 mb l e v e l ) i s needed. This would allow more 

accurate measurement of the deviat ions of c e l l d irect ion and speed from 

the upper wind data. 

6. Due to the large amount of manual work needed to process and 

analyze the r a i n f a l l data, simulation of the r a i n f a l l process with d i g i t a l 

computers i s a be t ter way to predict the surface storm patterns assocaited 



with c e l l u n i t s . This information can readi ly serve as input data to a 

runoff model or a watershed model for predict ing discharge from small 

drainage areas . 

7. The computer program developed in th i s i n v e s t i g a t i o n , was 

r e l a t i v e l y simple. A more deta i led computer program may be needed in 

future s tudies to describe a var ie ty of cases in which m u l t i c e l l s might be 

generated within a time interva l of two hours or more. 

8. A s e n s i t i v i t y t e s t of the model should be conducted to determine 

which c e l l elements have the greatest e f f e c t on the model outputs. Such 

a study could lead to a deeper understanding of the model and indicate 

improvements which might be made in future s t u d i e s . 

9. I t i s suggested that operation and design appl icat ion of the 

model should be kept in mind during future s tudies of the r a i n f a l l model. 

The information provided by the model can serve as input to watershed 

models for est imates of flow. This i s of fundamental importance to 

hydrologis ts who are b a s i c a l l y interes ted in ra infa l l -runof f re la t ionsh ips . 

10. The model described by t h i s study should be tes ted for pre

d ic t ion of surface r a i n f a l l patterns in those areas of the country with 

meteorological and hydrological charac ter i s t i c s s imilar to the experimental 

watershed at Georgia Coastal Plain . 

11. Transferabi l i ty of the model to other regions and locat ions 

should a l so be s tudied. The model parameters could be generalized in 

terms of physical and meteorological charac ter i s t i c s of the reg ions . In 

simulating watershed inputs , some of the model parameters might be control led 

by part icular physical charac ter i s t i c s of the watershed. The continuation 
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of t h i s study w i l l be conducted in the School of Civ i l Engineering, 

Georgia I n s t i t u t e of Technology to t e s t the general i ty and the a p p l i c a b i l i t y 

of the model in other areas of the United States as more data becomes 

ava i lab le from di f ferent c l imato log ica l areas. 
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Table A.l. Accumulated Rainfall With the Trace Codes. 

9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000. 9000 9000 9000 9000 9000 9000 9000 9000 90 00 9000 9000 9000 9000 9000 9000 9000 9000 
9 O 0 0 

9000 
9 0 0 0 

9000 9000 9000 9000 9000 9000 900Q 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 90 0 0 9000 9000 90on 9000 9000 
9 0 O 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9006 9002 9001 9001 9000 9000 9000 90001 9000 900.0 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 90 0.0 9001 9000 9000 9000 9000 90 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8001 8001 8002 8002 8000 8000 8000 8000 8000 8000 0 0 0 0 0 0 0 0 O 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 

at Five-minute Increments 
9000 9000 9000 9 0 0 0 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 

9 0 0 0 

9000 9000 9000 9000 9000 
9 0 0 0 

9000 . 9000 9000 9000 9.000 9000 9000 9000 9000 
9 0 0 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 
9 0 0 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 
9 0 0 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 9000 . 9000 9 0 0 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 
9 0 0 0 

9000 
9 0 0 0 

9000 9000 9000 9000 9000 9000 9000 9000 9000 
9 0 0 0 

9000 
O 0 0 0 

9000 9000 9000 9000 
9 0 0 0 

9000 9000 9000. 
9 0 0 0 

9000 9000 9000 
9 0 0 0 

9000 9000 9000 9000 
9 0 0 0 

9000 9000 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 
§ 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 e 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 8000 8001 8001 8002 8004 8005 8002 8003 8002 8000 8000 8000 8000 0 0 0 0 8000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 6 0 8000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 6 0 8000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 .8 0 0 0 0 0 0 0 8000 8001 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 9999 
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Table B . l . Cell Characteris t ics 

Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direction* Minor Major Core Int . Wind Wind 
Speed Direction 

6/21/67 1 7 1 0 1 7 2 0 13.8 
1 7 2 0 10.2 
1 7 3 0 10.8 
1 7 4 0 32.4 
1 7 5 3 l 8 0 0 

n10-n20 33.0 
1 7 2 ° 13.2 
1 7 3 0 12.6 
1 7 4 0 

17 5 °18°° 

1 7 1 0 1 7 2 0 

1 7 2 0 

1 7 3 0 

1 7 4 0 1 7 5 0 

6/22/67 1 3 4 0 1 3 5 0 

1 3 5 0 29.4 
1 4 0 0 15.0 
1 4 1 0 13.8 
1 4 2 0 7.8 
1 4 3 0 18.0 
1 4 4 ° 1 4 5 0 
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148 
148 

3.5 
4.6 
4.0 
4.0 

2.0 
4.8 
4.0 
3.0 
1.5 

6.5 
7.8 
7.5 
6.5 

3.5 
6.2 
6.2 
5.0 
2.0 

.52 

.74 

. 30 

.32 

.10 

4.0 6.0 .24 
4.2 6.8 .35 
3.5 
1.0 

6.0 
2.0 

.32 

.12 

60 4.5 7.5 .35 
66 
58 

5.0 
5.8 

9.5 
9.8 

.40 

.74 
58 4.2 7.0 . 55 

-10 3.5 
3.2 

5.8 
5.5 

. 40 

.20 

18 104SE 

Not Studied 

18 65NE 

*Pos i t ive s ign means angle measured in counterclockwise d irec t ion from e a s t . 
Negative sign means angle measured in clockwise d irec t ion from e a s t . 



Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direct ion* Minor Major Core Int . Wind Wind 
Speed Direction 

14 2 °14 3 0 4.8 •6.0 .30 
14 3 0 6.0 165 6.5 9.0 
14 4 0 19.2 146 5.0 8.5 .70 
145°15°° 4.7 8.5 .45 

1 4 50 1 5 00 12.0 164 .10 
1 5 oo 12.0 157 .10 Not Studied 
1 5 W - 1 5 2 0 .10 

1 5 o o 1 5 i o 24.0 140 3.3 4.2 

15 1 0 8.4 72 4.5 6.5 .22 

15 2° 4.8 140 4.2 6.0 .12 
15 3 2l5 4 0 Steady 5.0 6.0 .12 

1 5 o o 1 5 i o 19.2 -33 3.9 5.5 .50 
1 5 1 0 16.0 -19 5.5 8.0 .74 
1 5 20 18.2 4 3.5 6.5 .30 
1 5 30 15.0 68 2.5 4.5 .30 • 

15 4 2l5 5 0 1.0 1.5 .10 

15 2 2l5 3 0 4.2 6.0 .22 
15 3 0 

15 4 0 

4.5 
4.8 

6.0 
7.0 

.24 

.30 
155° 5.0 8.2 .75 

16°° 
16 1 0 

5.0 
4.4 

7.5 
6.0 

.55 

.22 i 
16 2 2l6 3 0 .10 

^Posit ive s ign means angle measured in counterclockwise d irect ion from e a s t . 
Negative sign means angle measured in clockwise d irect ion from e a s t . 
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Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direct ion* Minor Major Core In t . Wind Wind 
Speed Direction 

6/28/67 

7/7/67 

1 5 4 2 l 5 5 0 1 3 . 8 137 5.0 5.0 .10 
1 5 5 0 1 3 . 8 90 4.4 7.2 .46 
1 6 0 0 7 . 8 175 3.7 5.4 .44 
1 6 1 0 Steady 2.8 4.0 .22 
1 6 2 ° 1 6 3 0 2.0 2.2 .10 

, 5 0 , 0 0 o - / 12 
00 

6.0 90 5.0 8.0 .60 
7 2 0 8.4 .23 5.0 8.0 .34 
? 3 0 7.8 160 4.2 8.0 .30 
7 4 0 26.4 95 4.0 8.0 .25 
7 5 0 8 0 0 

8 ° V ° Not 

14321440 34.2 21 2.5 2.5 .15 22 
1 4 4 0 8.4 25 4.4 6.5 .45 
1 4 5 0 16.8 -10 5.7 7.8 .50 

1 5 ° ° 13.8 25 5.2 7.4 .33 

1 5 1 0 18.6 -30 4.0 6.6 .24 

1 5 2 2 l 5 3 0 3.3 5.0 .22 

1 6 2 ° 1 6 4 0 7.5 73 1.2 1.5 
1 6 4 ° 1 7 ° ° 9.6 99 3.6 6.2 .50 
1 7 0 0 1 7 2 0 3.0 4.5 

90E 

13NE 

*Pos i t ive s ign means angle measured in counterclockwise d irec t ion from east 
Negative sign means angle measured in clockwise d irect ion from e a s t . 



Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direct ion* Minor Major Core Int . Wind Wind 
Speed Direct ion 

1 6 2 ° 1 6 4 0 6.9 76 1.0 1.5 
16 4 °17°° 5.4 85 4.0 6.4 .60 
1 7 ° ° 1 7 2 0 2.6 5.0 

7/30/67 2 4 ° ° 2 4 1 0 12.0 -70 2.7 2.7 
6.6 

.10 28 5 ONE 

2 4 1 0 13.2 -58 4 .3 
2.7 
6.6 .42 

2 4 2 0 19.6 46 4.0 6.5 .20 
2 4 3 - ? l 1 0 .07 

2 4 1 ° 2 4 2 0 2.4 -20 .22 
2 4 2 0 8.9 -10 3.5 5.0 .10 
2 4 3 ° 2 4 4 0 2.0 

20 30 11.2 22 4.5 4.5 .12 

I 3 0 31.2 18 5.0 6.0 .22 

I 4 0 26.4 16 3.5 5.5 .12 

i522

00 2.5 3.5 .10 

8/2/67 1 6 4 ° 1 6 5 0 16.2 -47 2.0 3.0 .14 12 60NW 

1 6 5 0 13.2 -47 4 .1 7.0 .25 

17°° 12.0 -72 4.2 7.2 .48 

1 7 1 0 24.0 -59 3.5 5.4 .30 

1 7 2 ° 10.8 -70 2.3 4.0 .17 
1 7 3 O 1 8 0 0 

14.4 -30 1.0 1.5 .10 

1 7 2 0 3.3 4.6 .20 
1 7 3 0 1 ? 4 0 2.5 3.2 .12 

*Posi t ive sign means angle measured in counterclockwise d irect ion from e a s t . 
Negative sign means angle measured in clockwise d irect ion from e a s t . 
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Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direction* Minor Major Core Int. Wind Wind 
Speed Direction 

18 -19 Not Studied 

8/20/67 16°-16 1 0 18 28NE 
16 1 0 16.8 
1 ? 20 25.2 
16 3 0 15.0 
16 4 °16 5 0 10.2 

16 4 °16 5 0 20.4 
1 6 5 0 20.4 
1 7 oo 9.6 
1 7 10 1 7 20 

16 2 °16 3 0 18.0 
16 3 0 13.2 
16 4 0 28.2 
1 6 50 1 ? 00 

165?17°° 5.4 
1 7 oo 21.6 
1 7 i o 9.6 
1 7 20 6.6 
1 ? 30 8.4 
17 4 0 10.8 
1 7 50 1 8 00 

18 
25 6.5 8.8 .64 
34 6.5 7.8 .40 
17 3.5 3.5 .14 

-30 3.0 3.4 .10 

17 2.5 3.5 .14 
51 6.0 9.2 .45 
66 6.5 8.5 .40 

4.5 6.0 .30 

-10 2.3 2.3 .10 
18 6.6 8.6 .60 
25 6.6 8.6 .50 

4.0 4.0 .24 

120 3.0 5.5 .34 
155 3.0 5.5 .40 
-55 5.0 7.0 .42 
47 5.5 8.0 .75 
47 3.5 7.0 .44 

—12 2.5 4.0 .22 
2.0 2.5 .10 

*Positive sign means angle measured in counterclockwise direction from east. 
Negative sign means angle measured in clockwise direction from east. 



Motion Diameter Remarks 
Date Time (mph) (degree) (mile) (mile) inch/ten-minute (mph) (degree) 

Speed Direction* Minor Major Core Int . Wind Wind 
Speed Direction 

1 7 o o 1 7 i o 16.8 170 3.5 6.0 .22 
17 1 0 4.8 -40 4.6 6.5 .32 
1 ? 20 5.4 13 6.0 8.5 .50 
1 ? 30 10.8 82 5.0 6.0 .50 
1 7 40 1 7 50 4.4 6.0 .30 

16 2 °16 3 0 7.8 73 1.5 1.7 .10 
16 3 0 6.6 150 2.0 2.7 .12 
16 4 0 9.6 97 4.8 6.0 .55 
16 5 0 7.8 97 4.0 7.0 .50 
1 7 oo 27.0 102 3.5 5.0 .40 
1 7 10 1 7 20 .12 

16 4 °16 5 0 16.8 25 2.0 2.0 .10 
16 5 0 26.4 110 6.0 8.5 .50 
17°° 11.4 30 6.0 8.0 .50 
17 1 0 27.0 45 5.0 8.0 .50 
172° 3.6 30 2.0 2.0 .20 
17^-17 

1 7 o o 1 7 i o 
1 7 i o 6 .6 
17 2 0 16 .2 
1 ? 30 18 .0 

40 17 7 .8 
175°18°° 15 .0 

5.0 9.0 .70 
77 7.0 12.0 1.20 
87 8.0 11.5 1.00 
10 6.0 11.0 .60 
20 4.8 8.8 .40 

-45 3.0 4.5 .22 

*Posi t ive sign means angle measured in counterclockwise d irect ion from east 
Negative sign means angle measured in clockwise d irect ion from e a s t . 
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APPENDIX C 



SIMULATION PROGRAM AND COMPUTER OUTPUT 

A computer program has been wri t ten in FORTRAN language to simulat 

thunderstorm r a i n f a l l patterns as they are described in Chapter I I I . 

The computer program l i s t i n g i s given in Table C. l . The program as a 

whole i s composed of one main program and seven subroutine subprograms 

and one subroutine subfunction. During the simulation of temporally 

and s p a t i a l l y d is tr ibuted c e l l c h a r a c t e r i s t i c s , the re lated subroutines 

are ca l l ed a number of t imes. 

The following variable names are used in the main and subroutine 

subprograms. 

B1,B2 - Dis tr ibut ion c o e f f i c i e n t s along the minor and major axes 

COEF(,) - Polynomial c o e f f i c i e n t s 

CTIME - Time lag between the two independent c e l l groups 

DMAJ( ) - Temporal var iat ion of major axis 

DMIN( ) - Temporal var ia t ion of minor axis 

DMMAJ - Maximum major c e l l axis 

DMMIN - Maximum minor c e l l axis 
• 

DTIME - Time lag between the e x i s t i n g c e l l and the baby c e l l 

DT( ) ,DI( ) - Pairs of dimensionless values between percent of c e l l 

duration and r a i n f a l l i n t e n s i t y at the c e l l center (between 

0.40 and 0.60 i n . / t e n - m i n . ) 

DTT( ) ,DII ( ) - Pairs of dimensionless values between percent of c e l l 

duration and r a i n f a l l i n t e n s i t y at the c e l l center 

(greater than 0.6 i n . / t e n - m i n . ) 



DX( ),DY( ) - Raingage coordinates with respect to Lagrangian frame of 

reference 

DIST1,P0ST1 - Location of primary or secondary baby c e l l at the upwind 

s ide of the e x i s t i n g c e l l major ax is 

DIST2,POST2 - Location of new baby c e l l s at the downwind (northwest 
DIST3.POST3 -

through northeast) side of the e x i s t i n g c e l l 

EX1.STDX1 - Mean and standard deviation of c e l l duration 

EX2,STDX2 - Mean and standard deviat ion of c e l l speed deviat ion from 

the wind speed during the increasing r a i n f a l l in t ens i ty 

period 

EX3,STDX3 - Mean and standard deviation of c e l l d irect ion deviat ion 

from the wind direct ion 

EX5,STDX5 - Mean and standard deviation of maximum major c e l l axis 

EX7,STDX7 - Mean and standard deviat ion of wind direct ion 

EX8,STDX8 - Mean and standard deviat ion of d i s t r ibut ion parameter of 

r a i n f a l l along the major axis 

EX9,STDX9 - Mean and standard deviation of condit ional probabi l i ty 

d i s t r ibut ion of c e l l d irect ion deviation from the previous 

c e l l d irect ion 

EX15,STDX15 - Mean and standard deviat ion of spacing between the baby 

c e l l or ig in and the e x i s t i n g c e l l core 

EX16.STDX16 - Mean and standard deviation of c e l l speed deviat ion from 

the wind speed during the descending c e l l in tens i ty period 

II - Set to 1 and increment by 1 around the DO loop 

IX - I n i t i a l random number 



M - Number of c e l l s in a storm 

MM - Storm number 

MK - Nonzero value in column 21 to indicate the l a s t card of data deck 
MKK -

to interpolate r a i n f a l l i n t e n s i t i e s l i n e a r l y with respect to percent 

of c e l l l i f e 

NN - Number of independent c e l l 

PT( ,1) ,PT( ,2) - Coordinates of c e l l centers at 5 , 1 5 , 2 5 , e t c . , minutes of 

c e l l duration 

PTI(,) - Rainfal l i n t e n s i t y at a raingage 

RN - Uniform random number 

STAT(,) - Raingage coordinates with respect to Eulerian reference frame 

THETAD - Cel l d i rec t ion deviat ion from the wind d irec t ion 

THETAW - Wind d irec t ion 

VELD - Deviation of c e l l speed from the wind speed 

VELW - Wind speed 

XI - Cel l duration 
XK - Cell generation control number 

XMAX( ) - Temporal var iat ion of r a i n f a l l i n t e n s i t y 

XMAXI - Maximum ten-minute r a i n f a l l i n t e n s i t y during the c e l l l i f e 

ZL( ) - Set to zero to s tar t and increment by 1 each time when raingage 

records r a i n f a l l 

The names of the subroutines are 

MAXINT - Generates the maximum r a i n f a l l i n t e n s i t y at the center of 

the c e l l 



NORM - Generates c e l l d irect ion deviat ion from the wind d irec t ion at 

the f i r s t period of c e l l duration 

NORMAL - Generates normal random numbers 

POLYN - Determines the temporal var ia t ion of c e l l s i z e and c e l l i n t e n s i t y 

for l e s s than 0.40 in . / ten-minute 

RANDU - Generates uniform random number between (0,1) 

REGION - Determines intermediate c e l l center coordinates 

TRANS - Determines raingage coordinates with respect to the Lagrangian 

frame of reference 

TRANSF - Transforms the coordinates of the c e l l boundaries with respect 

to the new c e l l centers 

The program uses the Calcomp Plot ter for indicat ing the i sohyeta l 

c e l l patterns at each ten-minute time increment. A portion of the 

Computer and Calcomp Plot ter outputs are given in Table C.2 and in Figure 

C l . Figure C.2 shows the de ta i l flow chart of the computer program. 
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Table C.l . Computer Program Lis t ing . 

-RUN RSIMUL,51E20695.SORMAN-U-A,2.200 
-PWRD CEPENT 
-ASG.T PLOT.T 

2«P' ai 
-FOR.IS RSIMUL 
C SIMULATION OF THUNDERSTORM RAINFALL MODEL FOR LITTLE K l V F K WATERSHED 

DIMENSION THETADI12),ZL<12) 
. DIMENSION XMAX(12),PTI(58»14) 

DIMENSION PTXX(25,15)»PTYY(25,15t 
DIMENSION PXX125)tPYY(25) 
DIMENSION PXl(25).Px2(25),PX3(25),PX4<25),PX5(25),PX6(25),PX7(25), 

1PX8(25 ) .PX9I25) ,PX10(25),PX11(25),PX12(25) : 
DIMENSION PY1(25).PY2(25 ) ,PY3(25),PY4(25).PY5(25),PY6(25),PY7(25), 

1PY8{25) ,PY9(25) >PY1Q(25),PYll(25)«PY12(25) 
EQUIVALENCE (PTXX(1.2 ) ,PX2(1) ) , (PTXX(113) ,Px3(1) ) ,(PTXXI1,4),PX4( 

1 1 ) ) . (PTXXtl ,5) ,PX5(1)) . I PTXX(1.6) ,PX6(1>),(PTXX(1.7),PX7 I 1 ) ) , 
1(PTXXI1 .8)»PX8I 1 > ) »IPTXXtl .9).PX9(1)) , (PTXX(1»10)»PX10 1 1 ) ) . 
1(PTXX(1»1).PX1(1) ),(PTXXI 1 , 1 1 ) , P X 1 1 I J . ) ) , (PTXX(1 ,12) ,PX12(1 ) ) 

EQUIVALENCE I P T Y Y ( 1 , 2 ) , P Y 2 ( 1 ) ) » ( P T Y Y ( 1 , 3 ) » P Y 3 ( 1 ) ) , ( P T Y Y ( 1 , 4 ) , K Y 4 < 
11) ) , (PTYYI1 .5 ) ,PY5(1)) , (PTYY(1,6) ,PY6(1)) , (PTYY(1»7),PY7(1)) , 
1(PTYY(1,8) ,PY8(1)) , (PTYYI 1,9) ,PY9(1) ) , (PTYY(1 , 10),PY10(1) ), 

DIMENSION XSTA(58),YSTA(58) 
DIMENSION PT(15,2),VEL(10),THETA I 10) .TI ME I 12) 
DOUBLE PRECISION R(9C0O) 
DIMENSION STAT I 58,2) ,CI 58,2),DX(58),DY(58) DIMENSION TIMEXI12),XI 12),COEFI 3,6),Y112),DMIN(12),DMAJ(12) 
DIMENSION EPSI(3) 
DIMENSION XARRAY I 12),YARRAY(12).XSTAT(60),YSTAT(60) 
DIMENSION XPT(17),YPT(17) 
DIMENSION XXSTAT(60),YYSTAT(60),XXPT(17),YYPT(17) 
EQUIVALENCE(STAT I1 ,1) ,XSTAT(1) ) , (STAT(1,2) ,YSTAT(D) 
EQUIVALENCE(PT(1,1),XPTI 1) ) , (PT( 1,2) ,YPT 11)) 
DIMENSION DTTIIGO).DTI(IOO) 
DIMENSION DT(100),DI(100) 
DIMENSION IBUF(IOOO) 

857 
READ(5,857) EX 15,STDX15,EX 16•STDX16 
FORMAT I4F10.31 

106 
DO 106 LX=1,3 
READ 15.105)(COFFILX.T >.1 = 1 .fi> 105 F0RMATI6F12.5) 
READ I 5, 101 ) IX . E X 1 , .STDXl , FX?..STDX?.FX 3..STDXl 101 FORMAT I I 1 1 . 6 F 1 0 . 2 ) 
READI5.1Q7) FX 5,STDX 5 

107 FORMAT(2F10.2) 
READ I 5,10ft 1 FX7.STDX7.FX8..STDX8 108 FORMAT(2F10.2,2F12.4) 
READ 15,68fl) FX9,STDX9,EX 10.STDXl0,EX 11..STDX11 

688 
READ(5,688) EX 12,STDX12,EX 13,STDX13,EX14,STDX14 
FORMAT I6F10.2) 

3 
DO 3 N=l,58 
READI5.1G3) STATIN.1 ) .STATIN.?) 103 F0RMAT(2F10.3) 
DO 906 1=1,58 
XXSTATI I)=20.+XSTAT I I ) 
YYSTATII)=20.+YSTAT(I) 

906 CONTINUE 
CALL PLOTS(IBUFll>,10uG,2> 

859 
1 = 1 
READI5.860) DT1 I)»DI(I),MK 860 FORMAT(2F10.3,11) 
1 = 1 + 1 
IFIMit.EQ.O) GO TO 659 



Table C.l (Continued). 

870 1-1 
R E A D ( 5 . 8 6 0 ) 

D T T U L D I I U ) . MKK 

1-1+1 
I F (MKK 

• ECUJ2J GO TO 8 70 
DO 498 M M - 1 . 3 
W R I T E I 6 . 2 0 0 ) MM 

2 0 0 F O R M A T ( 1 H 1 • 1 3 H S T O R M NUMBER 
C G E N E R A T I O N OF WIND SPEED 

- . 1 3 ) 

828 R Q 8 ) " R A N D U < I X . I Y » Y F L ) R1191-RANDUIIXiIYtYFLJ 
V E L W « 3 2 . * R < 1 8 ) 
I F I V E L W . G E . O . . A N D . V E L W t l F . 1 2 . 1 GO TO 82 5 

825 
I F ( V E L W . G T . l 
F F - V E L W / 1 9 2 . 

2 • . A N D . V E L W . L E . 3 2 . ) GO TO 826 

826 
827 

GO TO 827 
F F - ( 3 2 . - V E k W ) / 3 2 0 . 
Z 2 - R ( 1 9 1 / 1 6 . 
I F ( Z Z . G T . F F ) GO TO 828 

C G E N E R A T I O N OF WIND D I R E C T I O N 
C A L L N O R M A L ( E X 7 . S T D X 7 . T H E T A W . R . I X ) 
I F ( T H E T A W ) 1 1 0 , 1 1 1 , 1 1 2 -LLQ THFTAW3ft0ttTHFTAW 
GO TO 112 -LL1 THETAW-Q.O 

112 W R I T E ( 6 . 1 0 9 ) VELW.THETAW 
-LOS F O R M A T M X . 5 H V F I W= . F r , . 7 . AH M 11 FS . 7X . 7HTHFT AW. . F A . 7 . 7H H F f i R F F ) 
C G E N E R A T I O N OF TOTAL NUMBER OF C E L L 

R ( 3 ) - R A N D U 1 I X . I Y . Y F D 
M " 2 . 0 + 8 . 0 # R ( 3 ) 
W R I T E I 6 . 2 1 1 ) M ; 

211 F O R M A T ( I X . 1 8 H T O T A L C E L L N U M B E R - , 1 3 ) 
GO TO 2 P Q 1 

499 R ( 1 5 ) = R A N D U ( I X . I Y . Y F L ) C GENERATION QF TIME LAC BFTWEFN TWO INDRPFNDFNT CFI LS 
C T I M E - 1 0 0 . * R ( 1 5 ) I F K T I M E . L E t 3 ? t . A N D . C T I M E . G T t 0 . ) CTIME-lO. : 
I F I C T I M E . L E . 4 5 . . A N D . C T I M E . G T . 3 5 . ) C T I M E - 2 0 . 
1 F ( C T I M E . L E . 5 5 . . A N D . C T I M E . G T . 4 5 . ) C T I M E - 3 0 . 
I F 1 C T I M E . L E . 6 5 . . A N D . C T I M E . G T . 5 5 . ) C T I M E - 4 0 . lF|CTtMEtLEt75..ANPiCTIME.GT.65.) CTIME'SQ. 
I F 1 C T I M E . L E . 8 5 . . A N D . C T I M E . G T . 7 5 . ) C T I M E - 6 0 . IF(CTtMEtLE.95t.ANP,CTIME.5T.85t) CTIME-70. 
I F 1 C T I M E . L E . 1 0 0 . . A N D . C T I M E . G T . 9 5 . ) C T I M E - 8 0 . WRITE(6t699) 
W R I T E I 6 . 2 0 0 2 ) CT IME 2QQ2 FORMAT I 7 X . 6 H C T I M F - . F 6 . 7 . B H MI NUT FS ) 

C G E N E R A T I O N OF NUMBER OF INDEPENDENT C E L L S 
2J10J R ( 4 ) - R A N D I J ( T X . t Y . Y F I I 

N N = 1 . Q + 3 . 0 * R ( 4 ) IFtNNiQE.M) NN gM. 
W R I T E ( 6 , 2 1 2 ) NN 212 FQRMAT(/2Xi3HNN=tI3) : 

C PLOT COORDINATE AXES AND RAINGAGE L O C A T I O N S .20-5 XARRAY(l) — 2Q. \ , 
DO 901 J - 1 , 1 0 JM1 XARRAYU+l)=XARRAY[J)t4.Q 
CALL S C A L E ( X A R R A Y ( 1 ) . 1 0 . . 1 0 , 1 ) 
CAI L AXISJQ..'i.Qt1QHX-AR,SCI.SSA.-10.in..0.0.XARRAYM 1 ) .XARR'YM?) ) 
YARRAY( l )—20. 

pp 902 jsiiia : 
902 Y A R R A Y ( J + l ) = Y A R R A Y I J ) + 4 . 0 

CALL SCALE!YARRAY<lltlO.tlPtl) 
C A L L A X I S ( 5 . . 0 . . 2 2 H Y - O R D I N A T E . 2 2 , 1 0 . . 9 0 . , Y A R R A Y ( 1 1 ) . 
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Table C l (Continued). 

1YARRAY(12)) XX=0.0 
CALL PL0T(XX,0..3) CAM Pl OTIXX.10..? > DO 903 1=1»20 XX=XX+0.5 

903 
CALL PLOT (XX .10 . ,3) 
CALL PL0TIXX.0.0.2) 
YY=0.0 

CALL PLOT(YY » 0• ,3) 

CALL PL0TI15.5.YY.2) 
CALL PLOTU5.5i2.i2) 
CALL PLOT(10.»2.,2) DO 904 1=1.20 

904 

YY=YY+0.5 
CALL PLOTI10..YY.3) 
CALL PL0T(0.,YY»2) 
CALL PL0T(2.,0.,-3) 
CALL SCALE(XXSTAT(l) , 7 . .58.1) 
CALL SCALE(YYSTAT(1),10.,58.1) 
CALL LINEIXXSTATI1).YYSTAT(1).58.1,-1,1) 
CAII P I 0 T f - ? . . 0 . . - 3 1 
DO 1001 N=l»58 
XSTA(N)=(XXSTAT(N)/4.) 
YSTA(N)=(YYSTAT(N)/4.)+.10 
CALL PLOT(XSTA(N),YSTA(N),3) 
XN = N 
CALL NUMBER(XSTA(N).YSTA[N)..05.XN.0..-11 

1001 CONTINUE 
M=M-NN DO 500 11=1,NN 
WRITE(6,699) 

?40 
WRITE(6,240) I I 
FORMAT I /lOX.17HINDFPFNDFNT CF I 1 = . T 1 1 
R<II)=RANDU(IX.IY.YFL) 
IF(M.EQ.O) X K = 0 . 
IF(M.GE.l) XK=1.5*R(II) IFIXK.LT.0.5.AND.XK.GF.0. ) XK = 0. 

IF(XK.LT.1.5.AND.XK.GE.0.5) XK=1. 
C f iFM F R AT F OM O F AM HR T fi T N FOR AM T M n F D F N H F M T C F M 

R(24)=RANDU(IX.IY.YFL) 
0LJAn = 4 . * R f ? 4 ) 
IF(QUAD.LE.l..AND.QUAD.GT.O.) QUAD=1. 
I FtOUAD.LF.?..AND.OUAD.GT.l.1 GUAD=?. 
IF(QUAD.LE.3..AND.QUAD.GT.2.) QUAD=3. 
IF(QUAD.LE.4. .AND.QUAD.GT.'?. ) 0UAD = 4 . 

2 DO 2 1=1.2 
R(I )=RANDU(IX.IY.YFL) 

KOUAD=QUAD 
GO TO (895.896.897,398).KQUAD 

895 X0=7.5*R(1) YO=12.5*R(2) 
896 

GO TO 894 
XO=-7.5*R<1) YO=12.5*R(2> 
GO TO 894 

897 XO=-7.5*R<1) YO=-12.5*R<2) 
898 

GO TO 894 X0=7.5*R(1) 
894 

YO=-12.5*R(2) 
PI=3.1415927 

PT(1,1)=XO*COS(PI/6.)-Y0*SIN(PI/6.) 

http://PLOTU5.5i2.i2


151 

Table C l (Continued) 

P T U » 2 ) = Y O * C O S ( P I / 6 . ) + X 0 * S I N < P I / 6 . ) 
A N G = A T A N 2 ( P T ( 1 . 2 . . P T I I . 1 ) > 

A N G L E = 5 7 . 3 * A N G 
R A n = s o R T i x o » * : > . + v o » » 7 . i 

I F ( A N G L E . L E . 1 8 0 . . A N D . A N G L E . G T . O . ) G O T O 8 5 5 
I F ( A N G L E . L E . Q . . A N D . A N G L E . G E . ( - 1 B 0 . ) ) A N G L E = A N G L E + 3 6 0 . 

8 5 5 W R I T E I 6 . 2 1 0 ) R A D , A N G L E 

_ 2 1 0 F O R M A T I / 1 0 X . 4 H R A D = . F 1 0 . 3 . 7 H M I L E S . 6 X , 6 H A N G L E = . F 1 0 . 3 . 8 H D E G R E E ) 

L = l 
W R I T E I 6 . 2 0 2 ) I . Q U A D . P T I L . I l . P T I I . 7 ) 

2 0 2 F O R M A T ( 1 H , 7 X 1 2 H L = . 1 4 » 1 2 X » 5 H Q U A D = , F 1 0 . 2 . 1 I X , 8 H P T ( L • 1 > = » F 1 0 . 3 , 1 3 X . 8 H 
i p t h . ? > = . f i o . ^ i , : : 

C G E N E R A T I O N O F C E L L D U R A T I O N 
- 2 2 J 2 C A I L N O R M A L t F X . - S T D X i . X I . R . I X ) 

I F I X I . G E . 1 1 5 . ) X I = 1 1 0 . 
L E X X _ L « . L E « 1 5 » l J S Q . T f l . ? . & Q 

C G E N E R A T I O N O F M A X I M U M R A I N F A L L I N T E N S I T Y A T T H E C E L L C E N T E R 
C A L L M A X I N T I X I , R , X M A X I , I X ) 

8 2 0 R ( 9 ) = R A N D U ( I X . I Y . Y F L ) 
R ( 1 0 ) = R A N D U ( I X . I Y . Y F L ) 

C G E N E R A T I O N O F M A X I M U M M A J O R C E L L A X I S 

A A = D M M A J / 2 . 
B B = D M M A J / 1 . 5 

C C = D M M A J / 1 . 2 
D M M I N = A A + R ( 9 ) * ( C C - A A ) 
C I = 2 . / ( C C - A A ) 
Z = C I * R ( 1 0 ) 

I F ( D M M I N . L E . B B . A N D . D M M I N . G E . A A ) G O T O 8 2 1 
I F I D M M I N . G E . B B . A N D . D M M I N . L E . C C ) G O T O 8 2 2 

8 2 1 F = C I * ( D M M I N - A A ) / ( B B - A A ) 
G O T O 8 2 3 

8 2 2 F = C I * I 1 . - I D M M I N - B 3 ) / ( C C - B B ) ) 
8 2 3 I F i Z . G T . F l C O T O 8 2 0 

C A L L N O R M A L ( E X 8 . S T D X 8 . B 2 . R . I X ) 
R ( 8 ) = R A N D U ( I X . I Y . Y F L ) 

B 1 = . 1 1 2 + 1 . 1 8 7 * B 2 + R < 8 ) * 0 . 0 6 2 4 
D O 6 8 6 K K = 1 . 1 2 

6 8 6 
I F ( A B S ( F L O A T « K K * 1 0 ) - X I 1 . L E . 5 . ) G O T O 6 8 5 
C O N T I N U E 

6 8 5 X I = K K * 1 0 

W R I T E I 6 . 6 9 9 I 
6 9 9 F O R M A T ! - * * * * * * * * * * * * * * * * * * * * * * * * 

1* * * * * * * * * * * * * * * * * * * * * *-) 
*»•*** 

W R I T E ( 6 . 4 0 1 ) X I . D M M I N . D M M A J , X M A X I 
4 0 1 F O R M A T I 2 X . 1 4 H C E L L D U R A T I O N = . F A . 7 . 4 H M I N . A X . 6 H R M M I N = . F 6 . 7 • 6 H M i l F . 

1 1 0 X . 6 H D M M A J = . F 6 . 2 . 6 H M I L E . 4 X . 6 H X M A X I = . F 1 0 . 2 . 1 2 H I N C / 1 0 
T I M E ( 1 ) = 5 . 0 

M I N ) 

T I M E X I 1 > = 5 . 0 
K = ( X I / 1 0 . 0 ) 

C M O V E M E N T O F C E L L T R A J E C T O R Y 
D O 5 0 1 1 = 1 . K 

I F ( I . E Q . l ) Z L t I ) = 0 . 
I F I I . G T . i l 7 L ( I ) = Z L ( T - l ) 

X I I ) = T I M E X I I ) / X l 
L X = 1 

C A L L P O L Y N I X . I . C O E F . L X . Y . I X . E P S I , R ) 
I F I Y I I I . R T . l . m V I I I = 1 . 0 

D M I N I I ) = D M M I N * Y ( I ) 
W R I T E I 6 . 7 0 0 ) L X . X I I l . Y I I l . D M I N I T l 

7 0 0 F O R M A T l / 8 X » 3 H L X = , I 4 , 5 X » 5 H X ( I ) = , F 1 0 . 3 , 5 X , 5 H Y ( I ) = , F 1 0 . 3 » 5 X 
1 . F 1 0 . 3 . 6 H M I L E S ) 

. 7 H M I N I I ) = 

L X = 2 

http://IFII.GT.il


152 
Table C l (Continued) 

CALL P O L Y N ( X » I . C O E F . L X . Y . I X . E P S I . R ) 
I F I Y I I l . G T . l . O ) Y ( T 1 = 1 . 0 
D M A J ( I ) = D M M A J * Y ( I ) 
W R I T E I 6 . 7 0 1 ) 1 X i D M A J ( I ) 

7 0 1 F O R M A T ( 8 X » 3 H L X = » I 4 » 4 5 X » 7 H M A J ( I ) = » 
I F I X M A X I . . L E . . 4 0 ) GO TO 8 5 3 

F 1 0 . 3 , 6 H M I L E S ) 

I F I X M A X I . G T . . 4 0 . A N D . X M A X I . L E . . 6 0 ) GO TO 8 5 6 
I F I X M A X I . G T . . 6 0 ) GO TO 8 5 B 

8 5 3 LX = 3 
CALL P O L Y N ( X . I . C O E F . L X . Y . I X . E P S I . R 1 
I F ( Y ( I ) . G T . l . ) Y ( I ) = 1 . 
X M A X ( I ) = X M A X I * Y ( I ) 
GO TO 8 6 5 

8 5 6 I F ( X ( I ) . G E . D T T ( l ) ) GO TO 8 7 1 
Y d ) = D I I ( 1 ) 
XMAXI I > = X M A X I * Y . ( I ) 
GO TO 8 6 5 

8 7 1 J = 2 
8 7 2 I F ( X ( I ) - D T T ( J ) ) 8 7 3 . 8 7 4 , 8 7 5 
8 7 5 J = J + 1 

I F I J . L T . 1 0 0 ) GO TO 8 7 2 

X M A X ( I ) = X M A X I * Y ( I ) 
GO TO 8 6 5 

8 7 4 Y ( I ) = D I I ( J ) 
X M A X ( I ) = X M A X I * Y ( I 1 
GO TO 8 6 5 

8 7 3 Y ( I ) = D I I ( J - l 1 + ( D I I ( J l - D I I ( J - l 1 1 / ( D T T ( J I - D T T ( J - l > ) * ( X ( I 1 - D T T ( J - l ) 1 
X M A X ( I ) = X M A X I * Y ( I ) 
GO TO 8 6 5 

8 5 8 I F ( X ( I ) . G E . D T ( D ) GO TO 8 6 6 
Y ( I ) = D I ( 1 1 
X M A X ( I ) = X M A X I * Y ( I ) 
GO TO 8 6 5 

8 6 6 J = 2 
8 6 4 I F ( X ( I ) - D T ( J ) ) 8 6 1 . 8 6 2 . 8 6 3 
8 6 3 J = J + 1 

I F ( J . L T . I O O ) GO TO 8 6 4 . 
Y ( I ) = D I ( J ) 
XMAXI I ) = X M A X I * Y ( I ) 
GO TO 8 6 5 

8 6 2 Y ( I 1 = D I ( J ) 
X M A X ( I ) = X M A X I * Y ( I ) 
GO TO R65. 

8 6 1 Y ( I ) = D I ( J - l ) + ( D M J ) - D I ( J - l ) ) / ( D T ( J ) - D T ( J - l ) ) * ( X ( I ) - D T ( J - 1 ) ) 
X M A X I I i = X M A X T * Y I T 1 

8 6 5 W R I T E I 6 . 7 0 3 ) L X . X M A X ( I ) 
7 0 3 F 0 R M A T ( 8 X . 3 H L X = . I 4 . 4 4 X . R H X M A X ( I 1 = • F1 0, . 1 ? H I NT / I D MT N 1 
C D E V I A T I O N OF CELL SPEED FROM THE WIND 

I F ( I . E Q . l ) GO TO 8 7 6 
I F I Y I I ) - Y ( I - l ) ) 8 7 7 . 8 7 6 . 8 7 6 

8 7 6 CALL N O R M A L ( F X ? . S T D X 2 . V E L D . R , I X1 
I F ( X ( I ) . L T . . 3 5 . A N D . X ( I ) . G T . . 5 0 ) GO TO 8 7 9 
I F I V E L D . G T . O . ) GO TO 8 7 6 
GO TO 8 7 9 

8 7 7 CALL N O R M A L I E X 1 6 . S T D X 1 6 . V E L D . R . I X ) 
I F I X I I J . L T . . 3 5 . A N D . X I I J . G T . . 5 0 ) GO TO 8 7 9 
I F I V E L D . G T . O . ) GO TO 8 7 7 

8 7 9 V E L I I ) = V E L W + V E L D 
I F ( ( V E L W + V E L D ) . G T . O . O ) GO TO 5 0 3 
I F ( ( V E L W + V E L D ) . L E . 0 . 0 ) V E L ( I ) = 0 . 0 

5 0 3 RAD I U S = V E L ( I ) * T I M E ( I 1 / 6 0 . 
T I M E ( 1 + 1 ) = 1 0 . 
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I F ( I . G E . 2 ) GO TO 8 0 0 
C DEVI A 
8 1 0 CALL N O R M ( E X 3 . S T D X 3 . 

I F ! ( A R S I T H F T A I N f T i l l . 
T H E T A D , R . I X * I ) 
g t . 9 0 . 1 g o t o r i o 

GO TO BOl 
8 0 0 I F ( THETAD ( I - D . G E . I - 1 2 0 . ) . A N D . T H E T A D ( I - 1 1 «LT * ! - 9 0 . 1 ) GO TO 8 0 2 

I F ( T H E T A D ( I - 1 ) . G E . ( - 9 0 . ) . A N D . T H E T A D ( I - 1 ) . L T . ( - 6 0 . ) ) GO TO 8 0 3 
I F ( T H E T A D f 1 - 1 ) . G E . ( - 6 0 . ) . A N D . T H E T A D ! I - 1 ) . L T . ( - 3 0 . ) ) GO TO B 0 4 
I F ( T H E T A D ( 1 - 1 ) . G E . ( - 3 0 . ) . A N D . T H E T A D ( I - 1 ! . L T . ( 0 . 0 ) ) GO TO 8 0 5 
I F ( T H E T A D ( I - D . L E . I 3 0 . ) • A N D . T H E T A D ( I - 1 ) tClTi ( 0 . 0 ) ) CiO TO A 0 6 
I F ( T H E T A D ( I T 1 ) . L E . ( 6 0 . ) . A N D . T H E T A D ! I - 1 ) . G T . ( 3 0 . 0 ) ) GO TO 8 0 7 
I F ( T H E T A D ( I - l l . L E . ! 9 0 . ) . A N D . T H E T A D ! I - 1 ) • GT • ( 6 0 . 0 ) ) GO TO 8 0 8 
I F I T H E T A D ! I - 1 ) . L E . ( 1 2 0 . ) . A N D . T H E T A D ! I - 1 ) . G T . ( 9 0 . 0 ) ) GO TO 8 0 9 

8 0 2 R ( 1 1 ) = R A N D U ! I X . I Y . Y F L ) 
T H E T A D ( I ) = - 1 2 0 . * R ( l l ) 
GO TO 8 0 1 

8 0 3 CALL N O R M ! E X 9 , S T D X 9 • T H E T A D , R . I X , I ) 
I F ( ( A B S t T H E T A D ! I ) ) ) . G T . 1 2 0 . ) GO TO 8 0 3 
GO TO 8 0 1 

8 0 4 CALL N O R M ( E X 1 0 , S T D X 1 0 , T H E T A D , R , I X , I ) 
I F ! ( A B S ( T H E T A D ( I ) ) ) . G T . 1 2 0 . ) GO TO 8 0 4 
SQ TQ flQl 

8 0 5 CALL N 0 R M ( E X 1 1 , S T D X 1 1 . T H E T A D , R , I X . I ) 
I F ! ( A B S ( T H E T A D ! I 1 1 ) . G T . 1 2 0 . 1 GO TO 8 0 5 
GO TO 8 0 1 

-8JPJ2 CALL N O R M ( E X l ? . S T D X l 2 . T H F T A D . R . T X . I 1 
I F ! ( A B S ( T H E T A D ( I ) ) ) . G T . 1 2 0 . ) GO TO 8 0 6 
GO TO BO l 

8 0 7 CALL N O R M ( E X 1 3 , S T D X 1 3 , T H E T A D , R , I X , I ) 
I F ( ( A B S ( T H E T A D ( I 1 ) ) . G T . 1 2 0 . ) GO TO 8 0 7 
GO TO 8 0 1 

8 0 8 CALL N 0 R M ( E X 1 4 . S T D X 1 4 , T H E T A D , R , I X , I ) 
I F ( ( A B S I T H E T A D f I ) ) ) . G T . 1 2 0 . ) GO TO 8 0 8 
GO TO 801 

8 0 9 R ( 1 2 ) = R A N D U ( I X , I Y » Y F L ) 
THETAD( I ) = 1 2 0 . * R ( 1 2 ) : 

8 0 1 T H E T A I I ) = T H E T A W - T H E T A D ! I ) 
I F ( T H E T A ( I ) . L E » ( 3 6 0 . 0 ) . A N D . T H E T A I I 1 . G T . 0 . 0 ) GO TO 5 1 0 
I F ( T H E T A ( I 1 . L T . 0 . 0 ) T H E T A ( I ) = 3 6 0 . 0 + T H E T A ( I ) 
I F ( T H F T A ( I 1 . G T . 3 6 0 . U ) T H F T A ( I ) = T H F T A I T 1 - 3 6 0 . 0 

5 1 0 R A D I A N = 0 . 0 1 7 4 5 * T H E T A ( I ) 
L = I + 1 
T I M E X ( L ) = T I M E X ( L - l ) + T I M E ( L ) 
CALL R E G I O N ( R A D I U S . R A D I A N . P T . L . Q U A D ) , 
P T ( L , 1 ) = P T ( L - 1 , 1 ) + P T ( L , 1 ) 
P T t l . 7 ) = P T ( L - 1 .71+PT1I . ? ) 
CALL T R A N S F ( R A D I A N , D M A J , D M I N , X P T , Y P T , L , P T X X , P T Y Y ) 
CALL T R A N S ( R A D I A N » S T A T , P T , I «C) 

C D E T E R M I N E THE R A I N F A L L I N T E N S I T I E S AT THE RAINGAGES WHICH ARE I N THE 
C CELL BOUNDARY 

DO 1 N = l » 5 8 
I F ( ( ( C ( N « 1 ) * * ? ) / ( (DMAJ (I - l ) / 7 . 0 l « * ? n t l ( C I N . 7 ) * » 7 l / l i n H l > i ( L - l l / ? . ) 

1 * * 2 ) l . G T . l . O ) GO TO 1 
D X ( N ) = C ( N . l ) 
D Y ( N ) = C ( N , 2 ) 
P T I ( N . I -1 )=XMAX(L-1 ) * E X P ( - ( ( D X ( N 1 * » ? . 1 » B 7 + ( D Y I N 1 * * 7 . 1 » R 1 1 1 
I F ( P T I ( N . L - l ) . G T . ( . 0 ) . A N D . P T I ( N , L - l ) . L T . ( . 1 ) ) P T I ( N , L - l ) = 0 . 0 
LE-LP-J—I (N. I —1 I . G F . ( . 1 ) . A N D . P T T ( N . I - 1 I . 1 T . ( . ?'i 1 PT I f N . | - 1 I = . 1 
I F ( P T I ( N . L - 1 ) . G E . ( . 2 ) . A N D . P T I ( N , L - l ) . L T . ( . 3 ) ) P T I ( N , L - l ) = • 2 
I F ! P T I ( N . L - 1 ) . G E . ( . 3 ) . A N D . P T I ( N . L - 1 ) . L T . ( . 4 ) ) PT I ( N . I - I ) = . 3 
I F ( P T I ( N , L - 1 ) . G E . ( . 4 ) . A N D . P T I ( N » L - l ) . L T . ( . 5 ) ) P T I ( N , L - l ) = 
I F ( P T I ( N . L - 1 ) . G E . ( . 5 ) . A N D . P T I ( N . L - 1 ) . I T . ( . 6 1 ) P T I ( N . ( —1 ) = . 5 
I F ( P T I ( N . L - l ) . G E . ( . 6 ) . A N D . P T I ( N . L - 1 ) . L T . ( . 7 ) ) P T I f N . L - 1 ) = . 6 
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I F t P T I ( N . L - l ) . G E . ( . 7 ) . A N D . P T I ( N . L - l ) . LT . ( . 8 ) ) PT I ( N . L - l )»••"* 
I F t P T I (N.I -1 1 .CF. ( .ft ) .AND.PTI (Nfl-1).IT.(.Q)) PTT(Nf|_ — ] ) = -•'• 
I F t P T I ( N . L - l ) . G E . t . 9 ) . A N D . P T I ( N . L - l ) . L T . ( l . ) ) P T I ( N . L - l ) = . 9 
I F t P T I (N.I -1 ) .CF. M . ) .AND.PTI (N.I -11. I T.M.I I V PTIINtl-1l=l. I F ( P T I ( N . L - l ) . G E . ( 1 . 1 ) . A N D . P T I ( N . L - l ) . L T . ( 1 . 2 ) ) P T I ( N . L - l ) = 1 . 1 
I F t P T I ( N . L - l ) . G E . ( 1 . 2 ) . A N D . P T I (N.L-l l .LT . t1 .3 ) ) PTI(N « L — 1 ) = 1 » 2 
I F ( P T I ( N . L - l ) . G E . 1 . 3 ) P T I ( N . L - l ) = 1 . 3 

. WRITE(6 ,7Q2) N . P X ( N ) . D Y ( N ) , P T I ( N . L - l ) 
7 0 2 F O R M A T < / 7 X . 2 H N = . 1 4 , l l X . 6 H D X t N ) = » F 1 0 . 3 . 1 1 X » 6 H D Y ( N ) = . F 1 0 . 3 , 1 1 X . 1 1 H P 

1TI(N .L-l)=.F10.3) 
Z L ( I > = Z L ( n + i. 

1 C O N T I N U E 
I F ( ( ( P T ( L . l ) ) * * 2 + ( P T ( L . 2 ) ) * * 2 ) * L E . 4 0 0 . 0 ) GO TO 5 0 1 
GO TO 502 '. 

5 0 1 C O N T I N U E 
GO TO 8 6 8 

5 0 2 W R I T E I 6 . 2 0 4 ) 
X I = ( L - 1 ) * 1 0 
K = L - 1 

2 0 4 F O R M A T I / 1 H . 2 6 H P O I N T I S O U T S I D E OF C I R C L E ) 
C PLOT CELL I S O H Y E T S 
8 6 8 X X P T ( 1 ) = ( 2 0 . + X P T ( 1 ) ) / 4 . 

Y Y P T ( 1 ) = ( 2 0 . + Y P T ( 1 ) 1 / 4 . 
CALL P L O T ( X X P T ( 1 ) . Y Y P T ( 1 ) » 3 ) 
DO 9 0 7 1 = 2 . L 
X X P T ( I ) = ( 2 0 . + X P T ( I ) ) / 4 . 
Y Y P T ( I ) = ( 2 3 . + Y P T ( I ) ) / 4 . 

CALI P L O T t X X P T t I 1.YYPTII ) . ? ) 

CALL S Y M B O L I X X P T I I ) » Y Y P T ( I ) . 0 . 1 . 3 . 0 * . - 1 ) 
CALI S Y M B O L ( 9 9 9 . . Y Y P T ( I ) 

. *UB *2HL.= . 0 . . ? ) 

X L = I 
CALL N U M B E R I 9 9 9 . . Y Y P T ( I ) . . 0 8 . X L . 0 . . - 1 ) 
CALL P L O T ( X X P T ( I ) . Y Y P T ( I ) . 3 ) 

GO TO (4.5.A.7.8.9.10.11 .17.11.14.1SI.I 
4 PXX(1)=(20.+PXl(1))/4. PYY(1)=(?0.+PY1(1)1/4. 

CALL P L O T ( P X X ( 1 ) . P Y Y ( 1 ) . 3 ) 

CAM SYMBOL(PXX(1).PYYM 1 . . Oft . fSHOR I C IN.n.inl 
GO TO 9 0 0 

5 

P x x (l i = ( ? n . + P x ? Mii/4. 
P Y Y ( 1 ) = ( 2 0 . + P Y 2 ( 1 ) 1 / 4 . 

CAI 1 PI OTIPXXI1 ) .PYYI 1 1 , 1 1 DO 9 0 8 J = 2 . 2 5 
P X X ( J ) = ( 2 0 . + P X ? ( J ) 1 / 4 . 
P Y Y I J ) = ( 2 0 . + P Y 2 ( J ) ) / 4 . 
C A M P L O T ( P X X I J ) . P Y Y I J ) . 

? ) 9 0 8 C O N T I N U E 
GO TO 9 0 0 

6 P X X ( 1 ) = I 2 0 . + P X 3 I 1 ) ) / 4 . PYY(11 = 120.+PY3I 1 ) ) / A . 
CALL P L O T ( P X X I 1 ) . P Y Y ( 1 ) . 3 ) 
DO 9 0 9 J = ? . ? 5 
P X X ( J ) = ( 2 0 . + P X 3 ( J ) ) / 4 . 
P Y Y ( J ) = ( 2 0 . + P Y 3 ( J ) ) / 4 . 
CALL P L 0 T ( P X X ( J ) . P Y Y ( J ) . 2 ) 

9 0 9 C O N T I N U E 
GO TO 9 0 0 

7 P X X ( 1 ) = ( 2 0 . + P X 4 I 1 ) ) / 4 . 
P Y Y ( 1 ) = ( 2 0 . + P Y 4 ( 1 ) ) / 4 . 
CALL P L O T t P X X t 1 ) . P Y Y I 1 ) . 3 ) 
DO 9 1 0 J = 2 . 2 5 
P X X t J ) = I 2 0 . + P X 4 ( J ) 1 / 4 . 
P Y Y t J ) = ( 2 0 . + P Y 4 ( J ) ) / 4 . 
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CALL PLOT(PXXtJ)»PYY(J)»2) 910 CONTINUE GO TO 900 8 pnmai?o.+P»(in/t. PYY(1)=(20.+PY5(1)t/4. CALL PLOTIPXXIl).PYY(l).3) DO 911 J=2.25 PYY(J) = t 20.+PY5(J))/4. CALL PLOT(PXXIJ) .PYY(.J) .7) 911 
CONTINUE GO TO 900 

9 
PXX(1)=(20.+PX6<1))/4. PYY(1)=(20.+PY6<1>1/4. 
CALL PLOTIPXXIl).PYYI1) • 3) DO 912 J=2.25 PXX(J)=(20.+PX6(J))/4. PYYIJ)=(20.+PY6(J))/4. CALL PLOT(PXX(J)»PYY(J) ,2) 912 ID CONTINUE GO TO 900 
Pxx<1 )=<7n.+Pv7<1)lIU. 
PYYI1)=(20.+PY7I1))/4. CAI I PI OTlPXXM I.PYYM ) .1) DO 913 J=2.25 PXX(J)=(?0.+PX7(J))/4. PYYIJ)=(20.+PY7(J))/4. CALL PLOT(PXXIJ).PYYIJ).2) 913 CONTINUE GO TO 900 11 PXX(1)=(20.+PX8(1)1/4. PYYI1) = (20. + PY8I 1))/4. CALL PLOTIPXXIl).PYYI1).3) DO 914 J = 2.25 PXX(J)=(20.+PX8(J)1/4. PYYIJ)=(20.+PY8(J) )/4. CALL PLOT(PXXIJ)»PYY(J)»2) 914 CONTINUE GO TO 900 Al PXXI1)=I20.+PX9(1) )/4. PYYI 1) = (20.+PY9(1))/4. CALL PLOTIPXXIl).PYYI1).3) DO 915 J=2»25 PXXIJ)=(?0.+PX9(J) )/4. PYY(J)=(20.+PY9(J)1/4. CAI I PI OTlPXXI.M.PYYI.11.71 915 CONTINUE GO TO 900 13 PXXI1)=(20.+PX10I1))/4. PYYI1) =(70.+PYl011) )/4. CALL PLOTIPXXI1).PYYI1).3) DO 916 J = 2.25 PXXIJ)=(20.+PX10(J))/4. PYY I J ) = I 2 0 «.+PY 1 0 (J ) 1/4. CALL PLOT(PXXIJ).PYYIJ).2) 916 CQNTINUF 
GO TO 900 

u pxx11) = I?n.+pyllm ii /U. PYY(l)=(20.+PYlltl))/4. CAI I PI OTIPXX(1 ) .PYYI11.1) 
DO 917 J=2.25 
PXXIJ) = ( 20,-rPXl U J) ) /4. 
PYYIJ)=(20.+PY11(J))/4. 
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CALL PLOT(PXXtJ).PYY(J)»2), 
917 fONTTNUF 

GO TO 900 
15 PXX(11 = 1 7 D . + P X 1 ? ( 1 1 1 / h . 

PYY(l)=>(20.+PY12(l)) /4. 
CALL PLOTIPXXI1),PYY(1).3) 
DO 918 J=2»25 
PXX(J)=(20.+PX12(J)) /4. 
PYYI" J)=(20.+PY12< J) ) / 4 . 
CALL PLOT(PXX1J).PYY(J)»2) 

918 CONTINUE 
GO TO 900 

900 CALL PLOTCXXPT,I).YYPT(I).3) 
907 CONTINUE 

I F I Z L I K l . G E . l . ) GO TO 221 
KX = XK 
IFCKX.EQ.4) GO TO 235 
IFJKX.GT.5) GO TO 500 
M=M + 1 
GO TO 500 

221 KX = XK 
I F I K X . F O . f r ) RTI T O 7 1 S IFCXK.GT.4.) GO TO 500 
XK=XK+1. 
<KK. = XK 
GO TO (500.215.214).KICK 

C GENERATION OF A PRIMARY BABY CELL 
215 M=M-1 
222 R(13)=RANDU(IX.IY.YFL) 

DTIME=50.*R(13) 
IF(DTIME.LT.15..AND.DTIME.GE.O.) DTIME = 10. 
IFfDTIME.I T.35..AND.DTIME.GE.15.) DTIME = 20. 
IFIDTIME.LT.45..AND.DTIME.GE.35.) DTIME = 30. 
IFfRTIMF.I T.^n..ANr).nTIMF.r,F.fr ' i . ) D T 1 M F = frf). 
IF(XI-DTIME) 222.213,223 

2?3 WRITF<f,.fioO) 
WRITEI6.232) DTIME 

232 FORMAT(1X.6HDTIME=.F10.2.8H MINUTFS) 
DO 226 L=1.12 
IFiTIMFXIl )-(DTIME + 5. ) ) ??6.? l f i .? l f i 

226 CONTINUE 
218 WRITEI6.233) 1 
233 F0RMAT(11X.2HI=,I3) 

CAI L NORMAL!EX15.STDXl5.DIST.R.IX) 
R(6)=RANDU(IX.IY.YFL) 
POST=180.+180.*R(6) 
POST=THETA(L)+POST 
IFIPOST.GE.360.) POST=POST-360. 
WRITE16.241) POST.DIST 

241 FORMAT(2X,5HPOST=,F10.2,3X,5HDIST=,F10. 2 ) 
POSTR=0.01745*POST 
CAI L REGIONIDIST.POSTR.PT.1.QUAD) 
PT(1,1)=PT(L+1,1)+PT(1,1) 
PT(1.2)=PT (L+1.2)+PT(1,2) 
WRITEC6.242) PT(1.1) ,PT( 1,2 ) 

242 FORMAT!52X.8HPT(1.1)=,F10.3.13X.8HPT(1. 2)=,F10.3) 
GO TO 220 

214 IF(M.EQ.O) GO TO 500 
R( 16)=RANDU(IX.IY.YFL) 
XKK=1.0*R(16) 
IF(XKK..LT.0.5.AND.XKK.GE.O. ) GO TO 500 
IFCXK.K.LE.1 .O.AND.XKK.GE.0.5) XK = XK+2. 
GO TO 215 

http://IFIKX.FO.fr
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Table C l (Continued). 

C G E N E R A T I O N O F A S E C O N D A R Y B A B Y C E L L 

-2JL3 M=M-1 
I F ( M . L T . O ) G O T O 8 6 7 

K X = XK 
I F I K X . E Q . 2 ) K X = K X + 2 
I F ( K X . E Q . 5 ) K X = K X - 1 

X K = K X 
P T I M E 2 = X I 
WRITE(6 .227 ) DTIME2 

221 FORMAT(/7HDTIME2 = t F l Q « 2 ) 
C A L L N O R M A L < E X 1 5 . S T D X 1 5 » D I S T 2 . R , I X ) 
R ( 2 1 ) = R A N D U ( I X . I Y . Y F L ) [ 
P O S T 2 = 9 0 . * R < 2 1 ) 
D O 2 5 0 L = 1 . 1 2 
I F ( T I M E X < L ) + 5 . - D T I M E 2 ) 2 5 0 . 2 5 1 , 2 5 1 

2 5 0 C O N T I N U E 
C S P L I T T I N G O F C E L L 

2 5 1 P O S T 2 = T H E T A ( L ) + P O S T 2 
I F I P O S T 2 . G E . 3 6 0 . ) P O S T 2 = P O S T 2 - 3 6 0 . 
T H E = T H E T A ( L ) 
W R I T E ( 6 , 2 2 9 ) P O S T 2 , D I S T 2 

2 2 9 F O R M A T ( 2 X . 6 H P O S T 2 = . F 1 0 . 2 . 3 X . 6 H D I S T 2 = , F 1 0 . 2 ) 

P 0 S T 2 R = 0 . 0 1 7 4 5 * P O S T 2 

C A L L R E G I O N ( D I S T 2 . P 0 S T 2 R . P T , 1 . Q U A D ) 
P T ( 1 . 1 ) = P T ( L + 1 , 1 ) + P T ( 1 . 1 ) 
P T ( 1 . 2 ) = P T ( L + 1 , 2 ) + P T < 1 . 2 ) 

P L = P T ( L + 1 , 1 ) 
P M = P T ( L + 1 . ? 1 
W R I T E ( 6 , 2 4 2 ) P T ( 1 . 1 ) , P T ( 1 , 2 ) 
G O T O 2 2 0 

2 3 5 D T I M E 3 = D T I M E 2 
W R I T E ( 6 , 2 3 6 ) D T I M E 3 

2 3 6 F O R M A T ( / 7 H D T I M E 3 = , F 1 0 . 2 ) 
C A L L N O R M A L I E X 1 5 . S T D X 1 5 . D I S T 3 . R . 1 X ) 

R ( 2 3 ) = R A N D U ( I X . I Y . Y F L ) 
P O S T 3 = - 9 0 . * R ( 2 3 > 
P O S T 3 = T H E + P O S T 3 
I F I P O S T 3 ) 2 3 7 , 2 3 8 , 2 3 8 

2 3 7 

2 3 8 

P O S T 3 = P O S T 3 + 3 6 0 . 
W R I T E I 6 . 2 3 9 ) P O S T 3 . D I S T 3 

2 3 9 F O R M A T ( 2 X , 6 H P O S T 3 = , F 1 0 . 2 , 3 X , 6 H D I S T 3 = , F 1 0 . 2 ) 
P 0 S T 3 R = 0 . O 1 7 4 5 * P O S T 3 

C A L L R E G I O N ( D I S T 3 . P O S T 3 R , P T , l , Q U A D ) 
P T I 1 . 1 ) = P I + P T I 1 . 1 ) 

P T ( 1 , 2 ) = P M + P T I 1 , 2 ) 
W R I T F I 6 . 2 4 ? ) P T I t . l l . P T I l . J I 
X K = X K + 2 . 
an TO 2 2 0 

8 6 7 
5 0 0 

M = M + 2 
C O N T I N U E 

C A L L P L 0 T ( 1 7 . , 0 . , - 3 ) 
i F i M . r i F . i i r,n TO 4 9 9 

4 9 8 
W R I T E ( 6 , 8 5 0 ) I X 
C O N T I N U F 

8 5 0 

W R I T E I 6 . 8 5 0 ) I X 
F 0 R M A T ( / 2 X . 3 H I X = . I 1 1 ) 

C A L L P L O T f O . 0 , 0 . 0 . 9 9 9 ) 
S T O P 

- F O R . 
E N D 

I S T R A N S F 

C S C A L I N G O F C E L L B O U N D A R Y C O O R D I N A T E S 
S U B R O U T I N E T R A N S F ( R A D I A N . D M A J , D M I N , X P T , Y P T . L . P T X X , P T Y Y ) 

D I M E N S I O N D M A J ( 1 2 ) , D M I N ( 1 2 ) , X P T ( 1 7 ) , Y P T ( 1 7 ) , P T X ( 2 5 ) , P T Y ( 2 5 ) , 

• 
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Table C l (Continued). 

1THET(25) .PTXX(25.15),PTYY(25.15; 
THFT ( 1 1 = 0 . , 
DO 10 J= l ,25 
PTX( J) = (DMA.J(I -1 1 / 7 . l»COS<THFT(J) 1 
PTYIJ)=(DMIN(L-l) /2.)*SlN(THET<J)> 
PTXX(J.L)=(PTX(J)«COS(RADIAN)-PTY(J)»SlN(RADIAN) ) + X P T ( L ) 
PTYYl" J .L )» (PTYI J)*COS(RADIAN)+PTX(J>*SIN (RADIAN) l+YPTIL) 
THET(J+1)=THET(J)+15.»0.01745 

10 CONTINUE 
. R E T U R N 

END 
-FOR.IS POLYN 
C DETERMINATION OF TEMPORAL VARIATION OF CELL SIZE AND CELL INTENSITY 

SUBROUTINE POLYN(X,I.COEF.LX.Y.I X.EPS I.R ) 
DIMENSION XI12 ) .COEFI 3 .6)»Y112).EPS I (3) .R(9000) 
SUMR=0.0 
DO 1 1=1.12 
R(I)=RANDU(IX.IY.YFL) 
SUMR=SUMR+R(I) 

1 CONTINUE 
EPS I (LX) = (SUMR-6.)*COEF(LX.6) 
Y ( i ) = ( ( i c n F F M x . 5 ) * y ( i i + r n F F d x . 4 i i # x r t i + r n F F i i v . 3 1 l » K I T i + r n F F ( i X . 

12))*X<I)+COEF(LX.l)+EPSI<LX) 
RETURN 
END 

-FOR.IS TRANS 
C DETERMINE RAINGAGE COORDINATES WITH RESPECT TO THE NEW REFERENCE 
C COORDINATFS 

SUBROUTINE TRANS(THETA.STAT.PT »L.C) 
DIMENSION STAT(58.2) .PT(15.2) ,C<58.2) .A(2.2) .B(58 .2 ) 
A(1.1)=COS(THETA) 
A(1,2)=-SIN(THETA) 
A(2.1)=SIN(THETA) 
A ( ? . 7 l = r r > c ; < T H F T A ) 
DO 5 1=1,58 
DO 5 J = l , 7 
C ( I . J ) = 0 . 0 
DO 5 K = l . 7 
B(I .K)=STAT(I .K)-PT(L.K) 

5 C ( I . J) = C ( T . . n + R ( I .<) *A(K .J ) 
RETURN 
F N D 

-FOR.IS REGION 
S U R R O I I T 1 NF R F G T O N 1 R A D . T H F T A . P T . I . O l I A D i 

C DETERMINE INTERMEDIATE CELL CENTER COORDINATES 
D T M F N 5 i T O N P T ( l « i . ? l 
Pl=3.1415927 
IF( THFTA.I F . ( P I / 7 . 0 1 . A N D . T H F T A . G T. 0 . 0 ) G O T O 1 0 1 
IF(THETA.LE.PI.AND.THETA.GT.(PI/2.0)) GO TO 102 
IFtTHETA.I E. ( 1 .5*PI).AND.THETA .GT.PI) GO TO 103 
IF(THETA.LE.(2.U*PI).AND.THETA.GT.(1.5*PI)) GO TO 104 

1 0 1 Q U A D = 1 . 0 

PT(L.l)=RAD*COS(THETA) 
PT(L.?)=RAD*STN(THETA) 
GO TO 99 

102 OUAD=7.0 
PT(L.l)=-RAD*COS(PI-THETA) 
PT(I , ? 1 = R A D » S I N ( P I - T H F T A 1 
GO TO 99 

103 QUAD=3,0 
PT(L»1)=-RAD*COS(THETA-PI) 
PT(L.2 ) =-RAD*SIN(THETA-PI) 
GO TO 99 
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Table C.l (Concluded). 

1 0 * Q U A D = 4 . 0 
P T ( L . 1 ) = R A D » C O S ( T H E T A - 2 . 0 » P I ) 
P T ( L » 2 ) = R A D * S I N ( T H E T A - 2 . 0 * P I ) 
G O T O q q 

9 9 RETURN 
END 

- F O R . I S RANDU 
C RANDOM NUMBER G E N E R A T I O N 

F U N C T I O N R A N D U ( I X . I Y . Y F L ) 
I Y = I X » 0 3 1 2 5 
I F ( I Y ) 2 . 3 . 3 

2 I Y = I Y + 3 4 3 5 9 7 3 8 3 6 6 + l 
3 Y F L = I Y 

RANDLJ = Y F L « U . 2 f i 1 0 8 E - 1 0 
I X= I Y 
RETURN 
END 

- F O R . I S NORMAL 
C NORMAL RANDOM NUMBER 

S U B R O U T I N E N O R M A L ( E X . S T D X . X . R . I X ) 
DOUBLE P R E C I S I O N R ( 9 0 0 0 ) 
SUM = 0 . 0 
DO 5 1 = 1 . 1 2 
R l 1 ) = R A N D U ( I X . I Y . Y F L ) ; 

5 S U M = S U M + R ( I ) 
X = S T D X « ( S U M - 6 . 0 ) + EX 
RETURN 
EMI ; 

- F O R . I S MAX I NT 
C G E N E R A T I O N OF MAXIMUM R A I N F A L L I N T F N S I T Y AT THF CFl I CFNTFR 

S U B R O U T I N E MAX I N T ( X I . R . X M A X I . I X ) 
DOUBLE P R E C I S I O N R I 9 0 0 0 ) 
S U M R = 0 . 0 
DO 1 1 = 1 . 1 ? 
R ( I ) = R A N D U ( I X , I Y . Y F L ) 
SUMR = S U M R + R ( I ) 

1 C O N T I N U E 
Y I = - . 6 6 7 7 6 + . 0 0 6 8 » X I + ( S U M R - 6 . ) » . 1 8 2 
X M A X I = 1 0 . * * Y I + . 0 6 5 
RETURN 
END 

- F O R . I S NORM 
C D E T E R M I N E D E V I A T I O N OF CELL D I R E C T I O N FROM THE WIND 

S U B R O U T I N E N O R M ( E X . S T D X . T H E T A D . R . I X . I ) 
DOUBLE P R E C I S I O N R ( 9 0 0 0 ) 
D I M E N S I O N T H E T A D ( 1 ? ) 
S U M = 0 . 0 
DO 5 J = 1 . 1 2 
R ( J ) = R A N D U ( I X . I Y . Y F L ) 

5 SUM = SUM+R( J ) 
T H E T A D ( I ) = S T D X * ( S U M - 6 . 0 ) + E X 
RETURN 
END 



Table C.2. Portion of Program Output. 

STORM NUMBERS 1 
VF.LWS 1 0 . 3 9 MILES THETAW=2l7.65 DEGREE 
TOTAL CELL NUMBERS 9 

NNs 2 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

INDEPENDENT cELLs 1 

RAD= 
LB 1 

2 . 9 i 7 MILES ANSLEs 
QUAD= 4 , 0 0 

3 3 7 . 1 0 9 DE.5RE& 
P T ( L » 1 ) = 2 . 6 8 7 PT(L»2>= - 1 . 1 3 4 

* * * * * * * * 
CELL DURATIONS 

* * * * * * * * * * * * * * 
SO.00 MIN DMMINs 5 .00 

* * * * * * 
MILE 

* * * * * 
DMMAJ= 

* 
6 . 

* * * * * * * * * * 
33 MILE XMAXI= 

* * * * * * 
,<M» INC /10 MIN 

LXs 1 X d ) s . 1 6 7 Y < I ) = . 5 9 9 M I N ( I ) = 2 . 9 9 * MILES 
LX= 2 
LXs 2 

M A j ( I ) = 
XMAX( I )= 

3 . 2 7 9 
. 1 4 0 

MILES 
INC /10 MIN 

Ns 17 DX(N>s 1 .412 DY(N)= - . 0 8 2 P T K N . L - D 2 . 1 0 0 

LX= 1 X ( l ) s . 5 0 0 Y ( I ) s . 9 4 7 M I N ( I ) = 4 , 7 3 5 MILES 
LX= 2 
LX= 2 

M A j ( l ) s 
X M A X ( I ) s 

6 . 3 3 2 
. 4 3 1 

MILES 
INC /10 MIN 

Ns 16 DX(N>s - 1 . 9 3 2 DY(N)= 1 .709 P T l ( N . L - i ) s . 1 0 0 

Ns 17 O X ( N ' s 1 ,088 DY(N)= . 9 0 4 P T K N . L - D s . 3 0 0 

Ns 23 DX(N>s - 1 . 0 0 9 DY(N)= - 1 . 3 0 4 P T l ( N . L - l ) = . 2 0 0 

LXs 1 X < I ) s . 8 3 3 Y ( I ) s . 5 3 7 M I N ( I ) S 2 . 6 8 3 MILES 
LXs 2 
LXS 2 

M A j ( ! ) s 
XMAX( I )= 

3 . 6 7 3 
.24"* 

MILE5 
INC /10 MIN 

Ns 17 D X ( N ' s 1 .411 DY(N)= . 0 9 7 P T I ( N » L - 1 ) = . 2 0 0 

Ns 23 DX(N>s - 1 , 5 8 1 DY(N)= - . 4 6 7 P T K N , L - i ) s . 1 0 0 
DTIMEs 1 0 . 0 0 

* * * * * * * * 
MINUTES 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

DTIMEs 1 0 . 0 0 
i s 2 

MlNUrES 

P0ST= 2 6 . 6 5 D l s T s 4 . 3 3 
P T ( l » l ) s 6 , 5 6 0 PT<1»2> B . 8 0 9 

* * * * * * * * 
CELL DURATIONS 

* * * * * * * * * * * * * * 
+0 .00 MIN DMMIN= 5 . 7 9 

* * * * * * 
MILE 

* * * * * 
DMMAJs 

* 
6 . 

* * * * * * * * * * 
93 MILE XMAXI= 

* * * * * * 
. 2 1 I N C / 1 0 

MIN 

LX= 1 X < I ) s . 1 2 5 Y ( I ) s , 5 6 7 M I N ( I ) = 3 . 2 8 6 MILES run 

ii 
ii 

X
 

X
 

_i 
_i 

M A J I I ) = 
XMAX( I )= 

3 .B59 
. 0 9 2 

MILES 
INC/10 MIN 

Ns 24 D X ( N ' s . 3 2 3 DY(N)= , 1 3 2 P T I ( N . L - D = . 0 0 0 

LXs 1 X ( l ) s , 3 7 5 Y ( I ) s . 960 M I N ( I ) = 5 . 5 6 0 MILES 
LXs 2 
LXS 3 

M A J d J s 
XMAX( I )= 

B .567 
. 1 8 5 

MILE5 
INC/10 MIN 

Ns 16 DXCN's 1 ,687 DY(N)= - . 0 6 4 P T K N . L - D = . 1 0 0 



Table C.2 (Continued) 

QXCN's - 1 , 1 7 4 DY lN>* . 2 6 9 P T I ( N . L - i > = . 1 0 0 

LXs 1 
LXs 2 

X l l ) s . 6 2 5 rUl: . 8 2 2 M l N ( I ) = 
M A j ( I ) s 

4 . 7 6 5 MILES 
8 , 6 4 5 MILES 

LXs 3 X « A X ( I J = . 1 8 5 I N C / 1 0 MIN 

Ns 16 DX (N ' s - . 2 2 2 DY(N)S 1.171 P T I ( N f L - i ) n . 1 0 0 

Ns 17 DX(N'= 2 . 7 9 5 DYINJS , 3 5 6 P T H N » L - i ) s , 0 0 0 

Ns 23 DX(N'= . 6 8 8 DY«N)S - 1 . 8 4 3 P T K N . L - 1 J = , 0 0 0 

Ns 24 DX<N>s - 2 , 4 4 2 DY (N)= - . 6 6 1 P T I C N . L - 1 ) = . 0 0 0 

LXs 1 

LX= a 
X < l ) s . 8 7 5 Y d ) : M I N ( I ) = 

M A J ( I ) s 
2 . 7 2 8 
3 . 8 1 5 

MILES 
MILES 

LXS 3 X M A X < I ) S . 0 9 7 i N C / l O MIN 

Ns 16 
* * * * * * * * 

DX(N 's 
* * * * * * * 

1 .180 
* * * * * * * 

DY(N)= 
* * * * * * 

- . 1 8 8 
* * * * * * * * * * 

P T I ( N . L - D = 
* * * * * * * * 

. 0 0 0 
* * * * 

INDEPENDENT cELL= 2 

RAD= 8 . 2 3 0 MILES ANGLES 8 2 . 3 8 3 DEGREE 
. Ls 1 

* * * * * * * * 
QU f tDs 

* * * * * * * 
1.00 

* * * * * * * 
P T ( L » l ) s 1 .092 

* * * * * * * * * * * * * * * * 
pT(u»2)= 

* * * * * * * * 
8 . 1 5 7 

* * * * . 
CELL DURATIONS : 30 ,00 MIN DMMINS 3 . 3 9 MILE •MMAJs 6 . 5 3 MILE XM*XI= . 2 9 INC /10 MIN 

LXs 1 
LXs 2 

X ( l ) s . 1 6 7 Y d ) = . 6 0 8 M I N I ! J s 
M A j ( I ) s 

2 . 0 6 3 
3 , 4 6 0 

MILES 
MILES 

LXs 3 XMAX(1>= . 1 4 4 INC /10 MIN 

Ns i f l DX(N 's - . 4 3 3 DY(N>= - . 3 0 8 PTI (N .L-D± , 1 0 0 

LXs 1 
LXs 2 

X ( l ) s 

. 5 0 0 n i l : 1.000 M I N l I J s 
M A J ( I ) = 

3 .39& 
6 , 4 5 0 

MILES 
MILES 

LXs 3 XMAX( I )= . 2 8 0 I N C / 1 0 MIN 

Ns 32 DX(N>s 2 . 7 2 9 DY(N)= . 1 3 7 P T l ( N . L - l ) = , 1 0 0 

Ns i+l DX(N>s - . 4 7 8 DY<N>= . 2 3 2 P T I l N . L - i J s , 2 0 0 

LXS 1 
LXs 2 

X < l ) s . 8 3 3 Y C I ) = . 5 0 2 M I N (1 )= 
M A J ( I ) = 

1 .705 MILES 
3 . 6 2 7 MILES 

LXs 3 
DTIMEs 2 0 . 0 0 MINUTES 

X M A X ( I ) S . 1 5 9 INC /10 MIN 

* * * * * * * * 
DTIMEs 2 0 . 0 0 

* * * * * * * 
MINUTES 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

1= 3 
POSTS 2 0 1 . 3 1 D I s T s 5 . 6 2 

* * * * * * * * * * * * * * * * * * * * * * 
P T ( l » l ) s - 5 , 3 8 1 

* * * * * * * * * * * * * * * * 
r > M l * 2 ) = 

* * * * * * * * 
4 . 9 7 2 

* * * * 
CELL DURATIONS i * 0 . 0 0 MIN DMMINS 4 , 6 7 MILE •MMAJs 7 . 6 0 MILE XMAXI= , 3 6 INC /10 MIN 

LXs 1 
LXs 2 

x d J s . 1 2 5 Y t l > = . 5 2 4 M I N ( I ) s 
M A j ( I ) s 

2 . 4 4 5 
3 . 5 8 6 

MILES 
MILES 



Table C.2 (Concluded). 

LX= 3 X * A X ( I > = . 1 4 9 I N C / 1 0 MIN 

N= 3 0 0 X ( N > = - . 5 2 0 D Y ( N ) = . 9 4 1 P T I ( N , L - L ) S . 1 0 0 

LX= 1 X < I ) = . 3 7 5 Y ( I ) = . 9 1 0 M I N < I ) = « U 2 5 2 MILES 
LX= 2 
LX= 3 

M A J . I J S 
X M A X ( I ) = 

6 . 6 7 2 
. 3 3 2 

MILES 
I N C / 1 0 MIN 

N= 2 9 DX(N|) = 1 . 6 4 8 D Y ( N ) = . 9 5 1 P T I ( N » L - L ) = . 1 0 0 

N= 3 0 0 X ( M ) = - 1 . 0 2 6 D Y ( N ) = - . 3 2 2 P T K N . L - L > R . 2 0 0 

m 3 1 • X ( N > = - 2 . 3 6 1 DY<N)= . 2 9 7 P T I ( N . L - D = , 1 0 0 

NR 3 5 0 X ( N > = - 1 . 4 9 6 0 Y ( N ) = - 1 . 4 9 0 P T I ( N . L - I ) R . 1 0 0 

N= 3 6 9 X ( N > = - . 0 0 4 D Y ( N ) = - 1 . 8 1 5 P T I ( N . L - D = , 1 0 0 

LX= 1 X ( L ) = . 6 2 5 Y ( T ) = . 8 2 2 M I N ( I ) = 3 . 8 3 7 MILES 
L_X= 2 
LX= ' 3 

M A J ( I ) = 
X M A X ( I ) = 

6 . 8 5 9 
. 3 2 1 

MILES 
I N C / 1 0 MIN 

MB 2 9 D X ( N » = 1 . 3 6 4 D Y ( N ) = 1 . 3 2 6 P T I ( N . L - L ) = . 1 0 0 

N= 3 0 0 X ( M ) = - . 9 1 5 0 Y ( N ) = - . 5 6 4 P T I ( N R L - I ) S . 2 0 0 

N= 3 1 0 X ( N > = - 2 . 3 6 1 DY(N>= - . 2 9 2 P T K N . L - D S .too 
•LIS 3 5 • X ( N > = - 1 . 0 8 5 D Y ( N ) = - 1 . 8 1 1 P T K N . L - I ) S . 0 0 0 

N= 3 6 OX(N>= . 4 4 1 D Y ( N ) = - 1 . 7 6 0 P T I ( N R L - L > = . 1 0 0 

LX= 1 X<I> = . 8 7 5 Y < I ) = ,"»64 M I N ( I ) = 2 . 1 6 9 MILES 
LX= 2 
LX= 3 

M A J U J S 
X M A X ( I ) = 

3 . 8 6 2 
. 1 4 0 

MILE5 
I N C / 1 0 MIN 

* * * * * * * 
CT1VIE= 1 0 . 0 0 

* * * * * * * * 
"1INUTE5 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

NN= 2 
* * ID * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

INDEPENDENT CELL= 1 

RAD= 
L= 1 

9 . 9 2 6 MLT-ES 
QUADS 

AN5LT= 
2 . 0 0 

1 5 1 . 7 6 4 UTBRET 
P T ( L » 1 ) = - 8 . 7 4 4 P T ( L » 2 ) R 4 . 6 9 8 

* * * * * * * 
CELL DURATION 

* * * * * * * * 
= 8 0 . 0 0 MIN 

* * * * * * * 
DMMIN= 2 . 5 0 

* * 
MILE 

* * * * * * * * * 
DMMAJ= 

* * * * * * * * * * * 
4 . 3 5 MILE XMAXI= 

* * * * * 
1 . 1 8 • 

I N C / 1 0 MIN 

a-, ho 





INPUTS 
I n i t i a l Random Number 
P o l y n o m i a l C o e f f i c i e n t s 
Mean a n d S t d . D e v i a t i o n s o f 
D e n s i t y F u n c t i o n s R a i n g a g e 

I 
G e n e r a t e Wind S p e e d 
a n d Wind D i r e c t i o n 

C o o r d i n a t e s 

G e n e r a t e T o t a l Numbeit 
o f C e l l "M" 

I G e n e r a t e Time La 

G e n e r a t e t h e Number o f 
I n d e p e n d e n t C e l l s "NN" 

P l o t R a i n g a g e L o c a t i o n s 

IS Nfes STOP 

END 

< 0 . $ j No Baby C e l ) . 

1 XK=0 1 

| G e n e r a t e C e l l O r i g i r j 

n ^ P r a ^ ( Y l 1 , IYM&YT) , fh 2 3 
S e t TIME=5.0 m i n a n d | J " X > 
•Compute K=X1/1Q 

F i g u r e C . 2 D e t a i l F l o w C h a r t 
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= 1 ) - -H G e n e r a t e "THETAP" 

riZL, lUfQr f r o m t h e W i n d 

G e n e r a t e (DMIN) £ , (DMAJ) . , (XMAX) . 
-'4 • 1 • 

[ G e n e r a t e "VELD" 
. V 

G e n e r a t e 
p r e v i o u s 

"THETAD" f r o m t h e 
C e l l D i r e c t i o n 

D e t e r m i n e t h e L o c a t i o n o f C e l l 

T r a n s f o r m t h e C e l l B o u n d a r y c 
a n d R a i n g a g e C o o r d i n a t e s 

N = l 

I S 
m y R a i n g a g e 
f i t h i n t h e C e l l 

B o u n d a r y 

v Y e s 
F i n d P T I 

Z L ( I ) = Z L ( I ) + ; 

NO 

t h e L o c a t i o n of^-S^j ̂  
C e l l w i t h i n t k e , 
T a i * g e t A r e a m £ jf&sr-4 

TIMEssTIME 4 10 \ f~4^> 

F i g u r e C . 2 ( C o n t i n u e d ) 



< E H l I « I I + j p H M = M + l ' 

1 1 = 1 1 + 1 

X T - H + 1 

D e t e r m i n e the lo4 
c a t i o n o f t h e 
P r i m a r y or Secon-} 
d a r y Baby C e l l 

e n e r a t e 
b I S T S , POSTS 

G e n e r a t e 
( D I S T 2 ) , (P0ST2I) 

F i g u r e C . 2 ( C o n t i n u e d ) 
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Table D . l . Tabulation of the highest h i s t o r i c a l maximum accumulated 
r a i n f a l l s at the maximum-rainfall gages 

Total Acc Duration(min.) 
Rainfa l l 5 15 25 35 45 55 65 75 

. 2 .1 .1 
.1 .1 
.1 — — .1 
.2 

.1 . j .1 .1 

.2 .1 

.2 .1 

.2 .1 

.3 

.1 .1 .1 

.3 

.1 .2 

.2 .1 

.2 .1 

.1 - - .2 

.2 .1 

.2 .1 

.2 .1 

.1 .2 

.4 .1 
.2 

.2 

.2 
.1 

.2 

.1 

.2 

.1 

.1 

.2 

.2 

.1 

.2 

.2 

.1 

.1 

.1 

.1 
.2 .1 .1 
.2 .1 .1 
.1 .2 .1 
.1 .1 - .1 .1 
.1 .2 .1 
.1 
.2 

.3 

.2 

.5 .1 .3 .1 
.2 .2 .1 
.1 .3 .1 
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Total Acc. Duration(min.) 
Rainfa l l 5 15 25 35 45 55 65 75 

2 .2 .1 
1 .3 .1 

2 .1 .1 
- - .1 3 

3 .1 
1 .1 
3 

1 
1 
1 
3 
2 
4 .1 
1 .2 .1 .1 
1 .4 
1 - .2 .2 
2 .2 .1 
3 .2 
3 .2 

1 .4 .1 
2 .2 .1 .1 
2 .3 .1 
3 .3 
3 .2 .1 
1 .4 .1 
3 .2 .1 
1 .3 .2 
2 .3 .1 

1 .4 .1 .1 
2 .4 .1 
3 .4 
1 .1 .1 .2 .1 .1 
1 - - .3 .2 .1 
2 .3 .1 .1 
1 .5 .1 
2 .4 .1 
2 .3 .2 
2 .2 .2 .1 
4 .2 .1 
1 .3 .2 .1 
2 .4 .1 
3 .2 .1 .1 
1 .1 .3 .2 
1 .3 .1 .1 .1 
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Total Acc. Duration(min.) 
Rainfa l l 5 15 25 35 45 55 65 75 

. 8 .1 .2 .3 .1 .1 
.2 .3 - . 1 .1 .1 
.2 .3 .2 .1 
.3 .2 .1 .1 .1 
.1 .6 .1 
.1 .5 .1 .1 
.1 .2 .2 .2 .1 
.1 .7 
.4 .3 .1 
.1 .2 .3 .2 
.3 - .1 - - - .2 .2 
.2 .2 - - .2 - .2 
.2 .1 - - - .1 - - - - - - .1 .3 

.9 .2 .1 .3 .1 .1 .1 
.1 .5 .2 .1 
.2 .4 .2 .1 
.1 .3 .2 .1 .2 
.1 .2 .5 .1 
.1 .2 .6 
.2 .2 .2 .1 .1 .1 
.1 .2 .4 - .1 .1 
.1 .1 .6 .1 
.3 .4 .1 .1 
.3 .2 .1 .1 .2 
.1 .1 .2 .2 .1 .1 .1 • 

.2 .3 .2 .1 .1 

1.0 .4 .4 .1 .1 
.6 .3 .1 
.1 .6 .1 - .1 - .1 
.1 .6 . ] - - .1 
.1 .6 .3 
.1 .4 .3 . 1 .1 
.1 .8 .1 
.2 .3 .1 .2 .1 .1 
.1 .4 .1 - .1 .2 .1 
.3 .5 .2 
.4 .4 .1 .1 
.3 .7 
.1 .7 .1 .1 
.2 .4 .1 - - - .1 .2 
.1 .5 .3 .1 
.1 .5 .4 
.5 .1 - - - .1 .3 
.1 .3 .4 .1 .1 



Total Acc Duration(min.) 
Rainfal l 5 15 25 35 45 55 65 75 

1.1 .1 .5 .3 .1 .1 
.2 .4 .4 .1 
.3 .4 .3 .1 
.4 .6 .1 
.2 .5 .2 .2 
.3 .5 .2 .1 
.1 .3 .5 .2 
.1 .8 .2 
.1 .1 .7 .2 
.1 .6 .3 .1 
.1 .5 .4 .1 
.1 .4 (170 min) .2 .3 .1 
.2 .3 .1 (120 min) .4 .1 
.2 .2 .1 - - .1 - - .1 .3 .1 
.1 .2 (160 min) .1 .4 .2 .1 

1.2 .1 .1 - — — .4 .5 .1 
.3 .1 .1 .2 .2 .3 
.1 .8 .2 .1 
.2 - .1 .4 .3 .2 
.2 .7 .3 
.1 .1 .1 .1 .2 .3 .2 .1 
.1 .2 .2 .3 .3 _ - .1 
.5 .6 - - . 1 
.1 .5 .5 .1 
.1 .5 .3 .2 .1 
.1 .5 .4 . 1 .1 
.1 .5 .3 .1 .1 .1 
.1 .4 .1 .1 (70 min) .2 .2 .1 

1.3 .2 .7 .1 .1 .1 .1 
.1 .4 .1 - .4 .3 
.1 .1 .4 .6 .1 
.4 .5 .2 .1 .1 
.1 .3 .2 .1 .1 - - - .1 - - - .1 .2 .1 

1.4 .1 .8 .3 .1 .1 
.1 .3 .2 .1 .1 (110 min) .1 .3 .1 .1 
.1 .4 .5 .2 .2 
.1 - - - .1 .5 .3 .1 - - - - - .2 .1 
.1 .5 .3 .4 .1 
.3 .4 .2 .1 .1 - .1 - - - - .2 
.2 .5 .5 .2 
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T o t a l A c c . D u r a t i o n ( m i n . ) 
R a i n f a l l 5 15 25 35 45 55 65 75 

1.5 .2 .7 . 5 . 1 
. 2 .6 . 5 . 1 . 1 
. 2 . 9 . . 3 . 1 
. 1 .6 . 4 . 2 . 1 . 1 
. 1 . 1 . 4 . 7 . 1 . 1 
.2 . 6 . 5 . 1 . 1 
. 1 . 8 . 4 .2 
.6 . 4 . 4 . 1 
. 1 - - - - . 4 . 1 . 1 - - - . 1 (240 m i n ) . l .5 (60 min) . 1 
.2 . 1 . 3 . 2 .2 . 1 .2 .2 
.2 .5 . 1 . 1 (170 m i n ) . l . 1 . 1 .2 . 1 

1.6 . 1 . 3 .7 . 3 . 1 . 1 
. 3 . 5 . 4 . 3 . 1 
. 1 . 6 . 6 . 3 
. 1 . 4 . 5 .2 . 1 .2 . 1 
. 1 . 1 . 2 . 1 - . 1 - - . 3 . 1 . 1 . 3 .2 
. 1 - - . 4 . 5 . 1 . 1 
.2 .2 - . 1 . 2 . 1 - . 4 . 3 .2 

1.7 . 3 .6 . 5 . 2 . 1 
. 1 .4 - - - - .6 . 3 .2 . 1 
. 1 1 . 1 . 1 . 3 . 1 . 1 
. 1 . 4 . 3 - - - . 1 . 1 .2 . 1 . 1 . 1 - - - . 1 . 1 
. l - . l - . 4 . 1 . 3 . 1 - - . 1 .2 . 1 . 1 . 1 

1.8 

1.9 

.2 . 3 . 4 . 3 .2 . 1 . 1 . 1 . 1 

. 2 1 . 1 . 5 . 1 

. 2 .9 . 4 . 2 . 1 

.2 . 5 . 6 . 4 . 1 

. 4 .7 . 6 . 1 

.5 .6 . 3 . 1 . 1 . 1 . 1 

. 3 . 5 (110 m i n ) . l . 1 . 3 .6 

.2 .2 - - - . 4 .5 . 3 .2 . 1 

. 1 . 1 . 3 - - - .6 . 3 . 4 . 1 

. 1 . 6 . 3 - . 1 . 3 . 3 . 1 . 1 

.2 . 8 . 1 . 1 (250 m i n ) . l . 1 . 4 . 1 

. 1 .2 . 3 . 3 . 1 . 1 - . 1 - - - . 1 .2 .2 . 1 . 1 

2 . 0 . 1 . 6 . 5 . 3 .2 .2 . 1 
. 1 . 1 . 4 . 2 .4 . 4 . 1 . 1 . 1 . 1 
. 2 . 8 . 3 . 3 .2 .2 
. 1 . 3 . 7 . 1 . 1 . 1 . 1 . 3 .2 
. 2 .9 .6 .2 . 1 
. 3 . 4 .7 . 3 . 1 . 1 . 1 
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T o t a l Acc . D u r a t i o n ( r a i n . ) 
R a i n f a l l 5 15 25 35 45 55 65 75 

2 . 1 

2 . 2 

2 . 3 

2 . 4 

2 . 5 

2 . 6 

.5 . 1 . 1 . 2 .7 . 3 . 2 

. 4 . 9 . 4 . 1 . 1 .2 

. 1 . 5 .6 . 5 .2 .2 

. 1 . 6 . 5 . 3 . 3 .2 . 1 

. 1 . 3 . 4 . 8 . 4 . 1 . 1 

. 1 .7 . 4 .2 . 1 . 1 - .2 . 2 . 1 . 1 

. 1 . 3 . 3 . 2 - . 1 - . 1 - . 4 . 3 . 1 . 1 . 1 . 1 

.2 .7 . 4 .2 .2 . 3 .2 . 1 

. 3 . 3 - . 1 (130 m i n ) . 2 . 1 . 1 . 1 . 1 . 1 . 2 - . 1 - .2 .2 . 1 - . 1 

. 1 . 1 - - - . 1 - . 2 .6 .5 . 5 . 1 . 1 

. 3 . 3 . 1 - . 3 . 2 .2 . 1 . 1 (140 rain) . 1 - - . 1 .2 .2 . 1 . 1 

.2 .7 . 8 . 4 .2 . 1 . 1 

. 1 1 . 0 . 7 . 2 . 3 . 2 

. 2 . 7 .6 .7 . 3 - . 1 

. 1 . 3 . 9 .5 . 3 . 3 . 2 

. 3 .6 . 8 .7 . 1 . 1 

. 3 . 4 . 1 . 3 . 1 . 3 . 8 .2 . 1 

. 3 .2 .2 .4 . 3 .2 .2 . 1 . 1 . 1 . 1 - - .2 . 1 . 1 

.2 . 1 . 2 .2 . 3 - - - - - . 5 .7 . 1 . 1 . 1 . 1 

2 . 7 

3 .0 

3 . 1 

3 .2 

3 . 3 

3 .5 

3 .6 

3 .7 

.2 .6 . 4 .2 .7 .5 . 1 

. 2 .2 - - . 5 . 2 - - - - . 1 . 3 . 7 . 3 . 1 . 1 

. 1 . 6 . 6 . 6 . 6 . 3 . 1 . 1 

.2 . 9 .7 . 5 . 3 .2 - .2 

. 7 1 . 5 .7 . 1 . 1 

.2 . 4 - . 3 . 2 - - .2 . 8 .7 . 4 

. 3 1 . 5 . 8 .5 .2 

. 3 . 6 . 7 . 4 .2 .5 . 3 . 1 

. 1 . 4 .7 .2 . 1 . 1 .2 . 3 . 4 .2 . 1 .2 .4 . 1 

.4 .7 .5 .6 . 6 . 3 .2 . 1 . 1 

. 1 .4 . 4 . 3 .4 . 1 . 3 - . 1 . 1 . 4 . 1 - . 1 . 3 . 3 . 1 . 1 

.2 . 5 .7 . 3 .4 .5 . 4 . 1 - - . 4 .2 

.2 . 1 .5 . 8 . 3 1 . 1 .7 
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