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. ABSTRACT -

Thg purpose of this study was to obtain a better understanding of ]
the t;mp;fal and spatial wvariability of thunderstorm rainfall and to develop
a digital model for the stochastic simulation of thunderstorm rainfall
for the Southeast Coastal Plain areas. ,
in the present study rainfall cells were thofoagﬁi; ;ﬁélyzéé
from rainfall data made available by the Agricultural Research Service,
U.S. Department of Agriculture., The data source was a dense network of 11'5'
raingages located over the Little River Experimental watershed near
Tifton, Georgia. The study area is monitored by a network of 55 digital-
type raingages covering a 250 square mile area. Statistical properties
and frequency distributions of cell charécteristics, such as cell duration,
size, spatial and temporal distribution of rainfall intensity, cell
movement, and number and orientation of cells, were analyzed. ::ffi-“
A conceptual model of thunderstorm rainfall was formulated fkam'
the observed storm cell characteristics and the parameters of the model
were evaluated from isolated thunderstorms which occurred in the summer
of 1967. The model was coded for a digital computer and a number of
rainfall events were generated by the dynamic model, which is based on
the stochastic generation of rainfall patterns from thunderstorm cells.
These simulated precipitation sequences preserved certain of the funda-
mental statistics of the historical thunderstorm rainfall records. The
model was validated by comparing synthetic precipitation events with

events observed on Little River watershed during the summers of 1968,

' - . T . i
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1969, and 1970. Rainfall characteristics which are considered to be repre-
sentative of the most important features of thunderstorm rainfall were
analyzed during the model validation. For the validation of the model
a number of statistical rainfall parameters determined from simulated
rainfall, such as frequency distribution of the maximum amount of rainfall,
maximum accumulated rainfall versus duration of rainfall at the maximum
rainfall raingage, and maximum ten-minute rainfall intensity, were compared
with the 1968, 1969, and 1970 historical data. In addition, relation-
ships between correlation coefficients and spacing between the first and
the second maximum rainfall gages, as well as time lag of rainfall between
them, were derived graphically and a comparison was made between the
simulated and observed results. The performance of the model was considered
to be successful on the basis of comparisons made between the observed and
simulated rainfall characteristics.

This study has lead to the development of a body of knowledge on
the characteristics of summer thunderstorm rainfall in the Coastal Plain
of Georgia. The size, movement, and intensity of rainfall thunderstorm
cells has been measured, and a stochastic model has been developed which
will generate precipitation patterns like those observed by the raingage
network. The dependence of the characteristics of individual cells on
the location, movement, and size of other cells already existing in the
same general area needs additional study. Such a study will require a
network of gages covering an area larger than that available for the
current study or a study using radar measurements in combination with

a raingage network.
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It is suggested that the simulation model can be used in con-
junction with watershed models for generation of synthetic streamflows
and that the knowledge gained through this study will aid in the efficient

use of water resources throughout the Coastal Plain areas.



CHAPTER I

INTRODUCTION

Objectives

There are two basic objectives of this research. The first is to
gain insight into the temporal and spatial variability of thunderstorm
rainfall from analysis of rainfall data in Georgia. The second is to
develop a computer model for the stochastic simulation of thunderstorm
rainfall.

The development of the thunderstorm model is seen to play a dual
role: the first role is to provide a framework for the evaluation of
quantitative relationships among a large number of parameters useful in
describing thunderstorm rainfall. The second role of the model is to
generate surface rainfall patterns that may be useful in studies which
trace rainfall through the land phase of the hydrologic cycle.

It has become clearly evident in recent years that information
on the temporal and spatial variation of precipitation is needed on a
small scale (micro-scale). There are several reasons why such information
is needed, but most of these can be related, in one way or another, to
the various fields of study dealing with the transport of matter through
the biosphere. Regardless of whether one is concerned with the transport
of particles from the atmosphere to the earth or with the movement of
chemicals in solution or particles in suspension in stream channels and in

soil moisture, or whether one is concerned with only the movement of water
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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 o
Engineers(l), 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.

- .
N

;Jqui - Justification n

There is a peed 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). 3-  l j_ ‘ ._. - p;

More recently, the recoﬁmend;;ions(353-made at the Engineériﬁg

Foundation Research Conference in 1968 indicated that research is needed
o iy * oA . -
g TR * o
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on the characteristics of thunderstorm rainfall. These recommendations

are partially quoted below:

Research is particularly needed in developing stochastic
models of precipitation, both in time and space; including
thunderstorm and cyclonic models, and perhaps others; and
method of use should be stressed, either in rainfall-runoff
models or in design method for small urban basins.

The need for information on precipitation patterns and for simu-
lation models for the study of rainfall patterns has been placed in a
position of high priority by recent national studies.(1l,35,39)

The following quotes from these studies convey the need for data
collection and modeling of small scale precipitation patterns.

Analysis of time and space variations of rainfall in metro-

politan-scale storms, particularly thunderstorms, should

be initiated very soon, using all available pertinent data.(l,39)

The storm pattern will most likely be probabilistic, syn-

thetic storm patterns founded on the characteristics of

actual storm histories. (35,39)

The input for the water cycle is precipitation, and little

is known about it in the urban context...a form of historical

storm data is needed as input for planning, development and

management. (1,39)

For large urban areas, spatial and temporal rainfall varia-

tions may be very important. Hence, a simulation model

must be able to utilize all available precipitation data

to simulate the effect of these variations. (39)

Storm totality in time and space is required, not merely a

measure of, say, the maximum intensity at a point for a

given storm. (39)

The above recommendations were influential in the development

of the research presented in this study.




Methodology

Convective circulation units, called rainfall cells*, are the
fundamental components of the model developed in this investigation. The
model is based on the stochastic generation of rainfall patterns associated
with these convective units. The purpose of the model is to simulate
precipitation sequences which preserve certain of the fundamental statistics
of the available historical thunderstorm rainfall records.

The model simulates, in a Lagrangian reference frame, the cell
size, the distribution of precipitation throughout the cell, the cell life
duration, the direction and speed of cell movement and the number and
location of cells in a storm. The statistical characteristics of the
model parameters were studied to develop a representation of the para-
meters that best fit observation on the Little River Experimental water-
shed at Tifton, Georgia. In the operation of the model, a sequence of
input parameters is stochastically selected such that certain of the
fundamental statistics of the available historical record are preserved.
Parameter evaluation is based on data from thunderstorms which occured
over the Little River watershed in the summer of 1967. The model is
validated with the rainfall data from the Tifton network which was
collected during the summers of 1968, 1969, and 1970. Four years of data
were collected by the Agricultural Research Service of the U.S. Department

of Agriculture.

*Small precipitation areas characterized by elliptical isohyets and high
temporal and spatial intensity gradients on the ground surface are
defined as cells.




The results of the study should provide an important advance in
the understanding of the pattern of thunderstorm rainfall in the Coastal
Plain area, particularly in view of the scarcity of knowledge currently

available.
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Introduction ‘ Y

A survey of literature was conducted to determine the relation
between previcus 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. Imn
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 attrisuted
to the Thunderstorm Project (12). During the period July, 1945 through
May, 1949, four government agencies - U.S. Air Force, Navy, National
Advigory 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.

-

i

Definition of Thunderstorm Cell

Convective overturning results as the atmosphere becomes unstable,

Ca
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and may lead to the development of units of convective circulation. These
convective circulation units usually form a regular pattern within a
thunderstorm. The convective units, which are sometimes called cells by
meteorologists, can be detected on a radar scope and the precipitation
resulting from these units can be observed as isohyets on the ground sur-
face. This leads to the fundamental concept that in the thunderstorm
there are a number of convective units having similar properties and
characteristics which are capable of analysis as a class of convective
phenomena.

Use of the term cell as applied to these individual convection
units is not new; many previous investigators have indicated that there
are subdivisions or regions of localized convective activity within a
thunderstorm. However, there is some confusion concerning the meaning of
this term. Various definitions of cells refer to different meteorclogical
units which range in size from a single cumulus cloud to a large thunder-
storm.

During a storm period there may be more than one cell unit, each
of which may be dependent or independent of surrounding cells in the same
storm. The number of cells depends on the type of thunderstorm and also
upon the physiographic characteristics of the region. It has been found
that there is a sequence of irregular motions of the air, or turbulence,
within the storm area. This motion can be separated into two classes,

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

storms are concerned, since they make possible the principal energy releases

of strong convection within the storm area.




Each cell unit during the period of storm activity may be in
dlfferett stages of development at any one instant The boundaries of’
the cell are identified as narrow zones of inactive or nonturbulent cloudy
air. The direction of the air motion largely depends upon the stages of
development of the cell In early stages of development air motion is .
upward and during the later stages it is predominantly downward, parti-

cularly where rain develops. - o - . L B o

o r

- e

Stages of Development of Thunderstorm Cell

The detailed and comprehensive observations made by the Thunder-
storm Project have permitted the identification and study of cells and -
measurement of the duration of cell life. Through this and other
similar studies it has been found that there are three stages in the life
of a cell., The stage is determined by the magnitude and direction of
the predominating vertical motions during the life cycle of a cell. These.

stages are!

(1) The cumulus stage — updraft air throughout the cell

and heavy rain at the surface

{3) The dissipating stage — weak downdrafts throughout the cell

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

cell development updraft causes the cell cloud to extend in height,

air flows in through the sides and mixes with the updrafts. It is difficult <L

to give a definite time duration for this stage but if the duration is
recorded from the time of the initial detection of the radar echo, it may

be ten to fifteen minutes. When rain begins heat is given up by the air

. . - . - B -

{2) The mature stage — presence of both updrafts and dowﬁdrafts -;"u;=
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as the falling water evaporates, and the density of alr 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 occcur-
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. ' o :‘ ) -ﬁ;:}wf H;j-i "‘;i' ﬁ}%'f;l.:)

Cell Characteristics :gl7”

-

47 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 wvertical growth was rapid. Various
other studies of cell growth, such as those by E. J. Workman and 5. 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

.?!;':
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miles in Mather's study and from one-half mile to forty miles in H. B.
Brooks' investigation. Two miles was the most frequent size, while four
and one-half miles was the average. On the basis of radar investigations
made by Byers (13), Newton and Frankhauser (41), Braham (8), and Clark
(19), individual raincells of medium size thunderstorms ranged in size
from one to twenty miles with an average diameter of four and one-half
miles.

It was found that the rainfall pattern over a ground surface follows
closely the arrangement of the cells in the storm and reflects, to a
considerable extent, the various stages of development. Correlation
of the observations aloft and at the surface shows that the rain at the
surface is in the downdraft area of the cell. Figure 1 shows a typical
relation between radar echo and surface rainfall. The first rain reaching
the ground is limited in area to a few square miles. Later, as the cell
develops, the rain area expands with the increase of the downdraft with
which the rain is associated.

The number of cells 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), single isolated thunderstorm cells
are common. In some humid areas, such as the eastern and southern U.S.,
a single celled thunderstorm is comparatively rare and when it occurs it
is generally weak. Usually a thunderstorm consists of a group of three
or more cells adjacent to each other. Several studies (17,46) have shown
that the number of active cells per thunderstorm may vary from one to 22.

Another parameter of interest is the duration of rainfall. In the

R. R. Braham (8) study, the rainfall duration from a cell 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.
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From the plot, it was observed that the rate of accumulation of rain from
a cell is greatest during the interval from 20 percent to 40 percent of
storm cell duration. This may be compared with the results of a similar
analysis made by the Thunderstorm Project, which showed that the maximum
rate of rain at a station as a thunderstorm cell passes overhead occured
in the first two five-minute periods of rainfall. The most intense rain
occurred under the center of the cell within a few minuts after the first
measurable rain from the cell reached the ground. This corresponds to the
beginning of the mature stage, and the rain remains heavy for a period of
five to fifteen minutes. Then the rainfall rate decreases, but much more
slowly than it first increased. The Thunderstorm Project publication has
reported the same conclusion and noted that the major portion of the rain-
fall occurs in the early part (10 to 15 minutes) of the rain period.

R. R. Braham (8) also investigated the relation between the maximum
area covered by rainfall at any one time from a single cell against the
total rainfall. It was stated that there is much greater wvariation in
the total amount of rain than in the maximum area covered, since the
accumulated rainfall depends on duration of the cell as well as cell size.
From these data, the average cell was found to cover a maximum area of
eight square miles at any one time with values ranging from less than
one up to 30 square miles.

In the above discussion, most of the findings were for a single,
isolated cell for any one storm. However, new cells frequently form adjacent
to those which have already developed. As a consequence of this, the

passage of several cells over a given station, or the tendency of cells to
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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 1n the study because of the divergence in the results. However,
some general results of previocus 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 -~ . & 7! :

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 rajnfall were found, ~ -~ o R SR

. . 3 st
~ o e £
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The meteorologists of the Travelers Research Center undertook a
brief, crash study of the subject, with partial support of the Office of
Water Resources Research (OWRR). A report on this study (48) written by
A. Thomasell and entitled "Rainfall Variability Research for Urban
Drainage Problems' was based on the work of the Travelers Research Corpor-
ation for the American Society of Civil Engineers., The Travelers Research
Corporation utilized an "Objective Analysis Technique'* to develop a
runoff model that leads to an assessment of the temporal and spatial
variability of precipitation. The investigators 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 is placed on transferability
of the results to as many locations as possible. In the report, a research
program is outlined, but how one goes about defining the probability of
various configurations of the precipitation 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 it at the 5lst Annual Meeting of the AGU in Washington, D.C.
Since this paper has not been published, it could not be used for this
study. In another thunderstorm research project D. Amorocho and D. Morgan
(3) investigated convective storm cells, the frequency distributions of
cell parameters, and rainfall intensities in the state of Arizona. The
modeling process adopted in this project involved three steps which are

stated as:

*#An objective analysis technique is a method for interpolating at regular
gridpoints from observations made at random locations in space and/or
time. See reference (49).
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1. Simulation of a sequence of thunderstorm occurances

2. Simulation of total storm precipitation, duration and surface
area from the Weinstein-Davis convective model

3. Simulation of storm fields by producing isohyetal maps which
were plotted by computer.

The results of the first part of the study showed that the number
of thunderstorms which occur in a region is equal at all the sites
in the region over a period of time, and that the frequency distributions
of thunderstorm hits for the stations within an area of 7100 square miles
have similar parameters.

In the third modeling process adopted by Amorocho, a new procedure
was developed for simulation. A relationships was found between the
maximum intensity in the cell and the intensities at surrounding points.
From the analysis of individual cells, a bivariate Gaussian distribution
was found to represent the general pattern of storm precipitation. The
isohyetal maps were drawn for each five minute interval during storms by
computer on the basis of the Walnut Gulch Watershed data. A similar
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
rainfall intensity at the ground surface referred to the point of maximum
rainfall intensity (Ro) as well as the eccentricity of the elliptical isohyets
(E), and the geometric mean of the major and minor semi-axes of the
isohyets (Sz). These parameters, E, S and Ro’ define the surface of a
bivariate Gaussian distribution and were estimated from the isohyetal map
values from a least square fit of the intensity surfaces. A set of these

parameters was obtained for each time interval. An attempt was made to
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represent the entire life cycle of a cell by three functions E(t), S(t),

and Ro(t). These were assumed to be random functions for the universe of
cells. Because an insufficient number of cells were analyzed in that study,
the frequency distributions of the functions with respect to time were

not established. Only a parabolic fit for the maximum intensity of rain-
fall at the cell center for all the intensity values was included in the
simulation process, and E(t), and S(t) were assumed to be constant for the
life of a given cell. The values of these last two quantities were adjusted
until the simulated wvolume of precipitation equaled the wvalue given by

the Weinstein-Davis convection model, a meteorological model based on
atmospheric thermodynamics and an equation of vertical motion.

It should be stated that the frequency distributions of cell para-
meters such as eccentricity, geometric mean of the major and minor axes,
and maximum cell center intensity are actually not constant for the life
span of a cell and that the rainfall intensity of a cell cannot be
approximated by a single parabola over all the range of intensities.
Parameters similar to the ones mentioned in the above paragraph are studied
in more detail in Chapter III of the present study. It should be noted
that the development of new cells, the orientation of multiple cells with
respect to existing ones, and the motion (direction and speed) of the
cells and their dependance on the prevailing winds aloft were not
investigated in the Amorocho study.

The stochastic rainfall generating model developed by D. D. Franz
(25) is limited to a three station network of hourly rainfall data in

northern California where the major rainfall type is orographic frontal.
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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.
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v%; Rainfall on the macro and meso scales has been studied extensively

-

for many years. A national network of precipitation gages has been
established, and the body of knowledge has been an invaluable asset to T3
the nation in terms of the large scale variations in precipitation. How-
ever, the information gathered in the past has been regional in character
and on a scale of many hundreds or thousands of square miles. It has
become evident in recent years that information on the temporal and spatial
variation of precipitation is needed on a much smaller scale. Although,
the microscale characteristics of storms have been studied within the last

20 years, in all these studies generally only one characteristic of rain-

fall, either temporal or spatial distribution, has been analyzed.
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CHAPTER III

CHARACTERISTICS OF THUNDERSTORM RAINFALL IN LITTLE RIVER WATERSHED

Characteristics of Precipitation in Georgia

On the basis of causative factors precipitation may be divided into
three types, namely, convective, orographic, and advective. Thundérstorm
rainfall, with associated thunder and lightening, is one type of pre-
cipitation associated with strong convective air mass movement. Several
types of thunderstorms have been recognized by meteorologists. The
distinction between types has been based on the actions of the air 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 line thunderstorm

The properties of thunderstorms are such that they may be disting-
uished én radarscopes. On a plan-position indicator scope, on which the
return pulse from a radar signal is presented, thunderstorms are
characterized by the tendency toward oval shape, high intensity, and
high intensity gradients of the radar signals. On a range-height indicator

scope they are characterized by their vertical extent and fairly uniform,

*The term "air mass'" is applied to a portion of the atmosphere that has
remained nearly stationary over an extensive area of comparatively uniform
characteristics until it has acquired an approximate horizontal homo-
geneity of such properties as temperature, moisture, and their vertical
gradients,
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high intensity radar signal over a relatively narrow vertical colummn. Since,
by definition, a convective cloud does not become a thunderstorm until

thunder is heard or lightning is seen one cannot be certain that a given radar
echo from a convective cell is a "thunderstorm'. Nevertheless, it is

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

or 30,000 feet is a thunderstorm.

In summer, two different thunderstorm distribution patterns can be
recognized on long range radar scopes. One consists of an irregular spacing
of air mass storms, and the other type consists of a line of thunderstorms
which usually runs parallel to the low level wind. In low latitudes and in
the tropics, the air mass thunderstorm is predominant. In middle latitudes,
lines of thunderstorms are most frequent. Frontal thunderstorms develop
as warm air advances over cold air (warm front), or they develop in front
of a cold air mass (cold front).

In a discussion of thunderstorms in Georgia, H.A. Scott (47) reported,
"Apart from the tropical disturbance, the main rainfall producer during
summer months in Georgia is the thunderstorm. Convective action is at
its highest during the warm season and the cyclonic movement is weak."

He states further, '"the thunderstorm, being the result often of purely
local convective action, affects only a limited area, and we have therefore
at times single, isolated heavy downpours and at others a series of

locally heavy showers."

Personal communication with meteorologists at the U.S. Weather
Bureau in Atlanta and study of reports on thunderstorm activity in

Georgia (44) have confirmed that summer thunderstorms in this region are
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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. TFrom 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 wvicinity
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
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Table 1. Monthly Precipitation Averages at Tifton, Georgia (in inches)
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Report.) The summer thunderstorms were most frequently late afternoon 'fii

storms with high rainfall intensity. o 1‘_]
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 "Tm" 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

L

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.

v

: ‘ Data Collection
AN 4 4 e
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 vears 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. 1In all, rainfall is measured over 250 square miles.

A T . e w L P

. a

Figure 4. .
% o q“‘-‘ A\' B

Precipifation éaﬁght by gages inﬂthe network ié automatically
recorded at five-minute intervals in digital form on four-chanmnel 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

5 . . . -
pl

analysis and storage. ~ =~ - . 0 - o7 T

[ER B ir

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

. s . Y N -
-~y I o

*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 indicatiom
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.1) 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) wefe 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.



‘uﬁ' 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

Y

o
Lt

*

The seven storms that were selected for study were analyzed

-

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

and synoptic storm characteristics from Weather Bureau publications. The

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

thundersgtorm 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

midafterncon. 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 net 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

R
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smaller elliptical patterns. The mesoscale activity is composed of an
agglomeration of cells. There may be a number of mesoscale phenomena
present at any time in a region of synoptic size. In Figure 6, mesoscale
areas are plotted for each one hour interval on August 20, 1967. From
these consecutive hourly diagrams, the movement of mesoscale structures
were observed. The smallest scale of storm is called cell and is observed
most clearly in air mass thunderstorm structures. It is this smallest
scale that is modeled in the current study.

The cell parameters are grouped according to spatial and temporal
variability of precipitation. Each of the cell characteristics is explained
in more detail in the following subsection. The information on size,
speed, and direction and maximum rainfall intensity at the center of cell
as well as the wind speed and the wind direction are summarized in Table
B.l given in Appendix B.

The cell parameters included in the present study are:

1. Cell shape

2. Cell size

3. Cell duration

4., i - temporal variation of cell diameters

ii - temporal variation of rainfall intensity at the center
of the cell

5. Maximum rainfall intensity at the cell center during the life
of the cell

6. Spatial variation of rainfall intensity along minor and
major axes

7. Direction and speed of cell movement



.t S ’ . oL - A ] i .
8. Number and orientation of cells -y | -

T
9. Other aspects of cell characteristics
;-

1., Cell Shape

The shape of the cells observed on the ground surfacehaépeareél
as elliptical isohyets which were plotted at ten-minute increments, _ L
f, The plots provided the Information to define temporal and spatial
characteristics of the cells, The determination of elliptical cell .;ﬂ

boundaries involved a large degree of judgment since the cell boundaries

are not clearly defined by the raingage network. In order to determine
the total number of cells passing over a raingage and to determine the
cell shape, the accumulated five-minute rainfazll Intensity values were
plotted on a mass diagram. Each sharp incregSe in the slope of the curve
was due go'a éinéie eéll péséing over a ﬁoint éndlplateaus indicate
periods of low, or no, rain, This type of study was done for all the
storms analyzed and for all the gages recording rainfall. Figure 7 shows
.one of the mass diagrams plotted for raingage number 32 on August 20,
1967. 1t can be seen on this figure that two cells passed over this gage.
Cell 1 (See Figure 8) had a duration of 40 minutes and cell 2 had a 20
minute duration. . - I '.l-_ . c R ,;),
During the plotting of isohyetal maps, the question was raised as
to whether they should be plotted at five or ten minute time intervals.
In this study, the objective waé to get the best cell definition and a 1& A
clear picture of cell movement. In order to obtain a graphical repre- -.l
sentation of the rainfall over the experimental watershed, a series of
hand plots of isohyets for both ten and five-minute time increments were

prepared. These plots are given in Figure 8 and 9. Figure 8 shows the
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Figure 9. Rainfall Cell Isohyetal Patterns at Successive Five-
. minute Intervals on August 20, 1967.
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isohyetal patterns at successive ten-minute periods for the storm on
August 20, 1967 from 4 p.m. to 6 p.m. On Figure 9 the same storm is
studied with five-minute periods from 4:10 p.m. to 5:30 p.m. The shape
of cells in Figure 8 were defined as clearly as the cells which were drawn
with five-minute time periods. However, during the study of some other
storms on a five-minute basis, it was practically impossible to illustrate
cell movement., In general, it was found that a ten-minute period provides
for adequate definition of cell shape and movement, while five-minute
intervals did not. Therefore, the decision was made to use ten-minute
periods as the basic time interwval.

Due to the large areal extent of storm activity (macroscale)
during which the complete movement of cells could not be observed over
the watershed throughout the cell life. Therefore, the cells for which
the trajectories could not be detected on the ground surface were excluded
from the study. As it can be seen in Figure 8 and 9, the origins of some
of the cells 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 stage.
2. Cell Size

Figures B.1 - B.7, which are attached in Appendix B, show the series
of thunderstorm cells which occurred over the experimental watershed for
each storm event in 1967. By measuring the width and length of the
ten-minute isohyetal patterns the variation in size of thunderstorm cells
was determined. The values are tabulated in Table B.l and the frequency
distributions of maximum minor and major diameter of cells are plotted

in Figure 10 and 11. The parameters of the proposed probability density
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funetions in these and subsequent figures were estimated by the method .. . -

of moments and the estimated probability density functions for the cell
characteristics were plotted with the histograms of the observed data.

No exhaustive studies were conducted to select the specific form of the
probability density functions used to fit the data. More complete studies
may later be conducted if the sensitivity of the model described in Chapter
IV proves such studies are needed. The parameters of the various dis-

tributions utilized will be discussed in more detail in a subsequent sectlon

. .,
! i - P E NI

of this study. : I _‘3; 3 _ T o
In the préé
to the area bounded by the 0,10-inch isohyet on each ten-minute map.
Cell diameter measurements were limited in some cases because of inter-
action, or merglng of cells, and because cells could remain undetected " v;“‘
at the beginning or at the end of their lifetime. - . N Sl e
It is felt that the selection of the ten-minute time scale for
anélysis provided accurate measurement of the cell size. On an average,
the maximum values of the minor and major axes of the ischyetal cells were
about 4,70 and 7.16 miles, respectively. The maximum value of the minor
cell axes ranged from three to seven miles and the maximum major cell
axes ranged from four to 12 miles.

As can be seen in Figure 12, the maximum major and minor cell

~

axes are related. On an average, the maximum major cell axis was

found to be 1.5 times greater than the maximum average minor cell axis.

" The values of the ratio of maximum wajor axis to maximum minor axis ranged

between one and two.

ent study, it was decided to consider the cell confined f“ffdh
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3. Cell Duration

There was no general agreement in the literature on the definition
of thunderstorm cell duration. In this paper cell duration is defined
as the difference in time between the first and last recorded continuous
rainfall increment. The frequency distribution of cell duration is shown
in Figure 13. The duration of the cells varied between 30 minutes and
100 minutes with a mean of 53 minutes.

4, Temporal Variation of Cell Diameters and Rainfall Intensity at the

Center of the Cell

The wvariation of rainfall intensity at the center of the cell and
the variation of cell size with respect to time was studied from the series
of isohyetal maps drawn at ten-minute intervals. The intensity and cell
size versus time graphs from the beginning of cell growth until cell decay
were plotted. The rainfall intensity and the length of the major and
minor axes were measured and changed into dimensionless ratios by dividing
them by the maximum values observed during the life of the cell.

i. Temporal Variation of Cell Axes. The dimensionless values

of minor and major cell axes ratiocs were grouped with respect to

the maximum cell sizes. Two categories of these ratios were defined.
The dimensionless distribution of minor cell axes with maximum minor
cell dimension ranging between four to five miles was studied and then
the maximum minor cell dimension of five to eight miles was considered.
Similarly, two categories were used in the analysis of major cell axes.
The wvalues in the first group ranged between six and eight miles,

and in the second group they ranged from eight to 12 miles. From
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these studies, it was found that the distribution of dimensionless cell
size ratio versus cumulative percent of cell duration is not dependent
on maximum cell diameter. The maximum cell size occurs in the range 0.20
to 0.50 t/tmax where toax 1S the duration of cell life.

A fourth order polynomial was fitted to the dimensionless distri-
butions of the major and minor cell axes to facilitate the use of this
parameter in the simulation model. Figure 14 shows the observed and
fitted curves for both axes.

ii. Temporal Variation of Rainfall Intensity at the Cell Center.

The dimensionless intensity values were grouped with respect to
the maximum intensity and plotted with respect to cumulative percent of
cell duration. Three different categories were defined. The intensity
distribution curves for three categories were grouped as follows: less
than .40, between .40 and .60, and greater than .60 inches per ten-minutes.
The corresponding relationships are shown in Figure 15.

In the first intensity range, a fourth order polynomial was fitted.
The other two intensity curves could not be fitted by a fourth order
polynomial. This was due to the greater skewness and steepness of the
curves. A method of linear interpolation was applied in the simulation
studies to model the relationships that could not be fit by a low degree
polynomial. This is described in more detail in the chapter on model
description.

5. Maximum Rainfall Intensity at the Cell Center During the Life of the Cell

Precipitation intensity at the center of a cell reaches a maximum

when the cell size is a maximum. In addition, a particular trend was
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observed between the maximum rainfall intensity at the center of the cell
and cell duration. The relationship indicated that rainfall intensity
increased with an increase in cell duration. Figure 16 shows such a trend
observed from the tabulated values on Table B.l. Each point shown on this
figure corresponds to the average maximum-rainfall intensity at the cell
duration range from 30 minutes to 100 minutes.

The frequency distribution of rainfall intensity at the cell center
obtained from an analysis of 23 thunderstorm cells was fitted to a log normal
probability distribution (See Figure 17) with the method of moments. The
maximum rainfall intensities range from 0.10 to 1.20 inches per ten minutes.
The most frequent intensity values range from 0.40 to 0.50 inches per ten-
minutes. Intensities less than 0.10 inches per ten minutes were not
recorded as continuous rainfall by the raingages, and the cells which had
a duration of less than 20 minutes were not considered because they
apparently were not observed through the complete life cycle.

6. Spatial Variation of Rainfall Intensity Along Minor and Major Cell Axes

Rainfall intensity at the center of cells and the variation of
precipitation along both axes was measured at each ten-minute interval
from the historical data. A consistent relationship was observed between
the rainfall intensity at the cell center and the intensities at the
surrounding gages. The spatial variation of rainfall intensity along
the minor and major axis was fitted by a function of the type (as shown
in Figure 18)

-b r2
It = (Io)te i (1)
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"; where I, = the rainfall intensity (inches/10 minutes) at a distance r 'Jfé_i

e ’ miles along an axis from the center of the cell '

(I.), = the maximum rainfall intensity at the center at time tl

b, = distribution coefficients (b, = coefficient for rainfall f?-u:g},;;
:;" . distribution along minor axis, b, = coefficient for rainfall u€  1f el

distribution along major axis.)

;';, i 4‘._ k ; ‘3
LTt oy PRI T R s O SRR
" £ ¥ . u ’
. Ji ] Ve
. >y '
Figure 18. Spatial Varlation of Rainfall Intensity along Cell Axes.
13 . C .. . . TR I‘t '-’2 o 5 o
Accordingly, the relationship between log Ty and r  can be
o't '
derived as o . L
PR It -b r2 R 7 R
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The average values of b, were determined from the slopes of the

i
lines drawn between log (It/(Io)t) and rz. The mean values of bi are tabulated
with respect to the maximum rainfall intensities in Table 3. No corre-
lation was observed between the wvalues of bi and the maximum rainfall
intensity. The frequency distributions of bi were studied and they are
plotted in Figures 19 and 20. The mean value of bl 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 b1 and b2 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 () &L e = X"+ B, T7) (4)

where X,Y are the coordinates of raingage stations with respect to a
cell center and (ID)t is the maximum precipitation intensity at time t.
The parameter (IO)t 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




Table 3. Relation Between Distribution Coefficients
and Maximum Cell Center Intensity

Max. Distribution Max. Distribution
Cell Coefficients Cell Coefficients
Center Center
Intensity Minor Major Intensity Minor Major
Io(in/10 min) bl b2 Io bl b2
o1l .385 .138 Al . 300 .109
.13 225 - 42 131 .075
21 .190 - .44 .130 .080
. .242 .089 .44 .403 JL95
23 .244 077 .45 .290 .094
.24 . 260 s 127 .46 . 180 .060
25 260 .100 .47 .280 « 150
25 .210 .093 o i .385 -
25 + 285 . 045 .48 .415 .130
.25 w222 .123 <50 - w3
«25 230 .087 .50 .167 .067
.26 .166 .099 .50 .260 .135
.28 « 350 .210 .50 . 340 .229
.30 .270 .064 « 30 .150 .093
. .195 .130 «52 .262 « 102
.32 .260 w121 + 53 .143 .064
.34 .154 .088 .56 .292 .097
.34 ,» 213 .130 .56 .317 .193
1. » 310 .143 w27 w2713 .160
w3 »253 7D .60 .260 s 120
«35 «+230 077 .60 . 245 .054
.36 TA15 .127 62 « 115 -
37 .260 .136 .68 .209 .116
.38 - .186 .70 . 26T .156
.40 « 135 .067 .70 .316 .109
+ 40 .360 .096 .70 +175 o did-2
.40 .317 e 227 .76 .780 .144
.80 212 .142
.80 .241 i J1.5
.96 135 .074

Mean #251 «116
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seven storms were thoroughly studied. The cell speed at each time increment
and the direction of motion were compared with the wind speed and direction
at the 500 mb level. The 7:00 p.m. E.S.T. wind direction and speed at 500 mb
level were obtained from the daily weather maps. The orientations of major
cell axes were generally in the direction of the 500 mb wind. However,

the individual cells showed varying speeds and directions around the mean
wind movement.

From observations of daily weather maps, it was noted that the
wind velocity at the 500 mb level averaged about 16 mph and 1t wvaried
from about six to 32 mph. The frequency distribution of 500 mb velocites
observed on each of the thunderstorm days used in this study is shown on
Figure 23,

The quantity Z(Vc - Vw)/N’ where VC is the cell speed, Vw is the
wind speed and N is the number of observations, represents the average
deviation of wind speed from the cell speed. The mean deviation between
the cell speed and wind speed was =4 mph., This leads to the conclusion
that the cell speed is usually less than the mean wind speed at 500 mb
level. 1In most of the cases, movement of cells was within + 15 mph in wind
speed. The mean deviation of the cell direction from the wind was +11.0°.
That is, when looking down wind, the cells mostly moved to the left and at
a slower rate than the wind. Frequency distributions of deviations of
wind speed and direction from the cell movement are plotted in Figures 24
and 25,

Some inconsistencies exist between the cell direction and speed
and wind direction and speed. In some cases, the cells had no particular

direction and they seemed to develop and grow against the wind. This
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might be due to a difference between the movement of the rainfall pattern
and the cloud cell. That is, the rainfall pattern observed on the ground
does not necessarily coincide with the cloud cell. The Thunderstorm
Project Report indicated that thunderstorm movement has a very complex
nature. It has been shown by other investigators (12,13) that cloud cells
usually move with a speed near the mean wind as computed by integrating
between the cloud base and cloud top. As a result, some of the observed
surface ischyets moved very little, or were even stationary, and some
others showed very erratic movement.

The deviation of cell speed from the wind was correlated with respect
to cell area in square miles. Figure 26 shows that a cell of average area
moves slower than the wind speed and as the cell area increases in size
the deviation in the velocity becomes greater and the cell moves much
slower. The dotted lines shown in Figure 26 are boundaries of the data
points.

8. Number and Orientation of Cells

Of the seven storms analyzed, the number of cells within each storm
varied from two to nine with an average of five. A total of 25 cells out of
35 were analyzed in full detail to provide the numerical basis for the
thunderstorm model.

The isohyetal patterns clearly demonstrate that new cells have a
tendency to form adjacent to the ones which have already developed. The
position of a new cell at the time of initial appearence was studied and
its location coordinates were determined in a polar coordinate system.

Figure 27 shows that new cells were most likely to form within four
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to eight mile distances from the existing cell center. The mean value was -

five miles. The most frequently occurring time lapse from the start of a ,P'_

cell to generation of a new cell was 20 minutes, with values ranging from .

zero to 40 minutes. All the new cells were formed within the third and..

fourth quadrant of the cartesian coordinate system (see Figure 27) where T

S e

the system origin was selected as the center of the existing cell,
The distance between the center of the new cell and the existing
cell was analyzed in relation to the speed and the diameter of the existing

cell. No particular trend was observed between the distance and these other

parameters. On some occasions, cells which were separate and distinet at the . ..

time of formation grew into or merged with adjacent cells. When this happened,

the newly developed cells moved and grew faster than the existing cells, so

that the isolation of individual cells became mbre difficult.

The cell centers occurred anywhere in the raingage network area with .. .

equal probability and, on the average, the number of cells per thunderstorm

P o
CumE [ o
N

was about five. t e

It should be noted that the generation of cell patterns, i.e., the wiT~l
spatial and temporal distribution of cells, is very complex in nature.
Under certain conditions, thunderstorms develop in groups or families of
cells, thus increasing the area subject to rainfall. 1In order to under- S
stand the relationships that govern these patterns, it will be necessary x“fA
to discover the interaction of the cells with each other, and also whether ??‘:
there is any preferred location for the origin of individual cells within ?{{
a family. The data available for the present study are not sufficient to

completely define the spatial relationships of cells within a family. o

T -
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This needs to be studied in more detail on the basis of information _ = ¢«

gathered from a macroscale level of activity. R I o

9. Other Aspects of Cell Characteristics R

Various other aspects of cell characteristics, such as maximum

cell area, relatlon between the percent of cell duration and accumulated

{izfrainfall, and the amount of rain accumulating on the ground from single cells,

+

were studied. The relationship between the total accumulated rainfall
during the cell life as a function of the maximum cell area is shown in R

Figure 28. The lines shown in Figure 28 are drawn by eye to indicate the

boundary and the mean of data points. The maximum area covered by a cell et

ranged from 20 to 55 square miles. The wvariation in the volume of rain -r-;;-
from a single cell during its life time was much greater than the variation
in the maximum area covered by the same cell. The reason for this is that
the volume of rain depends on cell duration as well as the cell size.

The study conducted by R. R. Braham (8) of thunderstorm cells over Ohio
showed that the cell area ranged from one to 30 square miles and the cloud
cell had the average minor diameter of 4.5 miles. Ly
- - " The variation of rainfall during the life of a cell was also studied
and the cumulative percent of total rainfall versus the cumulative per- .

cent of cell duration was plotted in Figure 29. The rate of accumulation R

of rain from a cell was greatest during the interval from 20 to 40 per- * -
cent of elapsed cell duration. This was in close agreement with the findings
of other studies (8,12), Ce : E T

The duration of rain from a cell on a surface station depends upon

a number of factors such as the size of a cell, position of the rain station
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with respect to passing cell, and also the rate of cell movement.
Without any attempt to separate any of the above factors, the rain
duration period at a station as a cell passes over the station was studied.
The ratio of each five minuté rainfall depth to the average rainfall
depth at each rain station was calculated for all the storms. This ratio
was called the rainfall depth ratio. Figure 30 shows the plot of average
rainfall depth ratios against time. The rainfall rate at a station
normally reaches its maximum within the first ten-minute rainfall period
and the average rainfall duration at a station was found to be about 30 minutes.
An estimate of the average cell size can be obtained with the
above given information by making use of the information that the wvelocity
of the surface cell is 4 mph less than the average wind speed of 16 mph
at 500 mb level. Then the average cell size is calculated by multiplying
the average cell speed by the duration of the rain at the station.
V_ =12 mph
tD = 30 minutes at the station
Average cell size diameter = 12 mph x 1/2 hr = 6 miles which is
within the acceptable range of cell diameter observed on the ground surface.
The relationship between the maximum ten-minute point intensity
and the average amount of rain per each ten minute interval at the station
was studied. On an average, the maximum rainfall intensity at a point
was found to be almost three times as great as the average rain at the

same recording gage during the entire period of the storm. (See Figure 31)

Comparison with Previous Studies

The cell characteristics measured on the Little River network were
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compared with results found by previocus investigators. In general, most
of the cell characteristics were in close agreement with the findings of  :?{7,
 other investigators, but a few results were inconsistent. One should
be aware of the fact that each researcher investigates and attempts to | L;;”"”_qé
solve problems from his own point of interest and his own background. This
is part of the reason why some of the present results confirm the findings
of previous authors and some of the other do not. One of the problems

lies in defining the elements which are measured by the investigators. fﬁ;.
For example, during the present study, several definitions were found in - ;g_
the literature for "thunderstorm cell". Some authors defined the cell
as one or more individual radar cells at a particular time and space, o ,:'{,
but some others defined it as small precipitation areas. In G. H. Ligda's '
paper (36), the term '"small precipitation area was applied to the radar

echo which are commonly called "

cells" by the radar observer. In the
present study, the analysis of motion of convective cell units is studied
by the rainfall patterns produced by these precipitation units, and it '%Qgg‘“
was not possible to measure the spatial distribution characteristics of
the cells covering an area larger than the raingage networks.

The results of several studies differ because of the methods used 'f”;l
in data collection and data analysis. Data collected by surface raingages °
may not produce the same results as data collected by meteorological *‘kai=,'*\
radars. The degree of discrepancy depends on the angle to which the radar
beam is elevated, the beam width, the range of the radar, and also on _.4211  i

the accuracy and density of the raingages. The way that the data is Lot

handled and analyzed has a significant influence on the thunderstorm ‘i
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studies., First of all, the cell characteristics found from an analysis
of a Eulerian frame of reference, such as in Franz's model, will naturally
be different from the studies of moving cells, 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 is the fact that obser-
vation methods, whether by radar or by surface raingages, puts some
physical limitations on the recorded data. The range of the radar and
the number and spacing of raingages will determine whether an area of
several thousand miles or only a few square miles will be studied.
Limitations on other available recources also influence the investigation.
For example, resource limitations may impose constraints which will not allow
investigation of the larger areas or smaller scales of activity. Last
but not least, the cell parameters and the nature of the statistical
distributions of these parameters depend upon the type of thunderstorm
which prevails over the region and also upon the physiographic and
atmospheric characteristics of the region. Keeping these facts in mind,
the following comparisons were made.
Cell Size

Surface raincells, when they first become apparent on raingages in
the present study, were small and isolated and were two to four miles in
diameter and showed a minimum of 0.10 inches per five-minute interval.
The cell developed rapidly by extending its major and minor axes. At
the same time the rainfall intensity at the cell center increased. The
cell axes were at a maximum when the cell center intensity reached its

maximum. Studies made by previous investigators showed that the dimensions
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of individual rain cells of medium size thunderstorms ranged from one to
20 miles with an average of 4.5 miles. From the studies of historical
records, the mean maximum cell axes at the mature stage of development
were found to be 4.70 and 7.20 miles for minor and major axis respectively.

Temporal Variation of Cell Intensity and Size

The maximum rainfall intensity in the present study was reached
at 25 to 60 percent of cell duration and the maximum cell size occurred
on the average at 40 percent of the cell duration with the time of occur-
race ranging from 20 percent to 50 percent of duration. From the R. R.
Braham study, rainfall intensity was observed to be greatest during the
interval from 20 percent to 40 percent of total duration. The result
has also been confirmed by the Thunderstorm Project Report. Furthermore,
it was stated in the Thunderstorm Project Report that the maximum size
of the cell at the mature stage of development reached 6.5 miles in
diameter as the cloud reached its highest vertical extent.

Cell Center Intensity

By the use of the surface rainfall records from the Thunderstorm
Project, a study was made by R. R. Braham for 53 thunderstorm cells over
Ohio. The rainfall intensity ranged from 0.0l to .40 inches per five
minutes. In the present study, the Coastal Plain thunderstorm cell
intensities were ranging from 0.20 to 1.20 inches per ten minutes. Cells
with an intensity of 0.10 inches or less could not be identified. The
most frequent maximum intensity at the cell center was found to be about

0.40 to 0.50 inches per ten minutes duration.
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From the radar studieé made by several authors, the moving cells
had an average life of 20 to 30 minutes with a maximum life of 90 minutes.
‘i: The Satyam (46) and Aiva (17) studies showed that the cell life of .
thunderstorms over Bangalone ranged from ten minutes to 80 minutes with
a mean of 35 minutes. L. J. Battan (5) also investigated the duration of
- individual radar cells which did not merge with other cells. The maximum Ti ' -
- radar cell duration was about 40 to 45 minutes. In the present study,
the duration of 25 surface thunderstorm cells over the experimental
- watershed varied between 20 to 90 minutes with a mean of 53 minutes. The
ones which had a duration of less than 20 minutes dropped out of the
study. In other words, the thunderstorms selected from the summer months
of 1967 had large intensive cells.

Relation Between Maximum Rainfall Intensity and Cell Duration

The logarithms of maximum Intensities were found to be related to 3 .f'}
the cell duraticon. R. A. House also noted a relationship between cell
duration and rainfall intensity but the range of cell duration was
small as compared to the values in the present study. (See reference
28) _i : EO :..: S - S o o -

Number of Cells

From the M. Satyam and Aiya paper, it was found that the number of

active cells per thunderstorm changes from one to 22 with an average number

ie

of five cells per storm. Given that a thunderstorm was in observable range,
only one storm was found to be active within a range of 12.5 miles at any

given time. In the present study, a total of 35 cells were ob-
| I S 1’ . PR

served within the seven storms. The number of active cells ranged from
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two to nine per storm, and the most recurrent number of active cells per

ten-minute period was two and the average number of cells per storm was =~ g

five. Thus, the present results confirm the findings of other investigators.
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-

Location and Formation of Cells o ' ' LT e

e
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., In the present study, 40 percent of the total number of cells Weré
generated as individual cells. An additional 40 percent had a tendency
to form near the existing cells. Those that formed near existing cells
appeared to be '"primary baby cells" spawned in the wake of the existing j “f; "y -
"mother cells'. The remaining 20 percent are "secondary baby cells"
developed from the primary baby cells. The time lag between the initiation :¢7;3“
of a primary baby cell and a secondary baby cell was, on the average, 20 ‘;fbﬁ-:
minutes, The initial location of the primary baby cell varied from four
to eight miles behind the mother cell, and a lag of from ten to forty
minutes cccurred between the birth of the mother and that of the baby cell.
Of course, these figures are approximations to be real phenomenon occurring
in nature. Usually, the cell development activity studied during this
project occurred within an area larger than 250 square miles. Therefore | ."fﬂt -
more accurate and reliagble estimates of the cell patterns and the time .‘3T;?'
lag for the cell generation have to be collected from the macro-level of B
storm events for better definition of these characteristics. R Fﬁﬁ'ff;

It is found from the present studies that during a thunderstorm

event, on the average, 50 percent of the raingages on the Little River

watershed recorded rainfall. The distribution of rainfall in space during
each storm event was random. Amorocho (3) noted that the thunderstorm 'ff:Af'

activity may be regarded as random over the region. 1-‘_._"1IA ' IR
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Direction and Speed of Cell Movement

Most of the studies indicated that radar echoes, which may be com-
posed of more than one cell at any instant, may move in a direction from
40 degrees to the left of the wind at 700 mb level to 60 degrees to the
right and that large groups of cloud cells tend to move to the right.

The reason for this is attributed to the cell growth and new cell develop-
ment adjacent to the previous cell. Frequency distributions of the
direction of cell motion studied by Brooks (10), Huff (32), and Ligda (36)
indicated that speed is more constant than direction for the individual
small rainfall area. In the Ligda paper, fifty percent of the storm
directions were found to be within + 2.0 degrees of the mean storm
direction, and fifty percent were found to be within + 1.4 mph of the mean
storm speed.

Based on studies by J. C. Fankhauser on the angular difference
between the direction of mean wind and the direction of generating system
(echo) movement, 70 percent of the echoes moved from a direction that was
within + 10 degrees of the mean wind with a standard deviation of 9
degree, The deviation of the mean wind direction from thunderstorm cell
direction increased for greater storm intensity. The study made by J.
Charba and Y. Sasaki (18) also showed an average deviation of 37 degrees
for the left moving storms and 5 to 25 degrees to the right of the mean
wind direction for the right moving storms.

In the present study, individual cell speed determination were
made by measuring the displacement of the rainfall pattern for each ten-
minute interval. The direction of each cell was also recorded. The speed and

direction measurements observed during the entire cell duration were
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compared with the speed and direction of the wind at 500 mb level. Most
of the individual cell speed and direction variations were within + 90
degrees in wind direction and + 15 mph in speed. Due to lack of accurate
data on winds aloft, it was impossible to relate the surface cell speed
and direction with several levels of wind motion. It is suggested that
the main reason for the large variations in the cell motion can be
attributed to the fact that speed and direction were determined on ten-
minute intervals during the storm, while wind speed was based on the
7:00 p.m. 500 mb wind velocity. Use of average values for speed and
direction, taken over time and space during the life of the cell, and
better wind data may serve to reduce the large variations.

Previous investigators have sought causal relationships between
radar detected cell speed and winds aloft at various levels. Investigations
conducted by Brooks(10), Mather(38), Ligda(36), and the Thunderstorm Project
(12) have found fair to excellent correlations between direction and speed
of cell and wind. One of the earliest studies of cell movements made by
Brooks showed that small radar cells moved with winds at 5000 feet and
that the larger ones moved with the winds at 11,000 feet. According to
the J. R. Mather study, 70 percent of the radar cloud cells fall in the
range of 6000 to 14,000 feet in vertical thickness. Later the thunder-
storm investigators correlated the speed of mean wind between 5000 and
20,000 feet with radar echo movement. Poor correlation was noted. It is

of interest that in Ligda's study, geostrophic* wind speed and direction

*The time and space average of actual atmospheric currents measured from
the pressure contour spacing and orientation.
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o

5,' i@was correlated with the direction aﬁd speed of précipitatiéﬁ afea. High
. correlation was found between direction and speed at 700 mb level. 1In the .i{ﬁ‘
same paper, the velocity of precipitation areas is also correlated very
well with atmosphere flow as obtained from upper level pressure charts,
especially near the 700 mb (10,000 feet) level.
Cell characteristics, as determined in the present study, have
‘beeﬁ ;omﬁaéeé Wiéﬂvbféviéusl§ published results. It can be concluded
that there 1$ a general agreement with the previous investigators, although
it is difficult to compare the present findings with some results of

previous investigators.
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CHAPTER IV

DESCRIPTION OF RAINFALL SIMULATION MODEL

Introduction

A simulation of a system or an organism is the operation of a

model or simulator which is a representative of the system or
organism. (48)

We therefore define system simulation as the technique of
solving problems by following the changes over time of a dynamic
model of the system. (26)

Simulation is a numerical technique for conducting experiments

on a digital computer, which involves certain types of mathe-

matical and logical models that describe the behavior of a ...

[hydrologic]... system (or some component thereof) over extended

periods of time. (40)

Each of the three definitions given above is appropriate in the
present study. Each definition contains the implication that simulation
involves operations with a model, and more specifically, with a dynamic
model, a model in which the values of the wvariables change in time. The
purpose of this chapter is to describe the formulation of a dynamic,
digital model to be used to simulate thunderstorm rainfall, and to present
data and methods used for evaluating parameters and functional relation-
ships contained within the model.

The role of the model in the simulation study is to provide a
representation of the real world system that is under study, while at the
same time providing a simplification of the real world system. Rosenblueth

and Wiener (45) have stated, 'No substantial part of the universe is so

simple that it can be grasped and controlled without abstraction.
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Abstraction consists in replacing the part of the universe under considera-
tion by a model of similar but simpler structure. Models ... are thus a
central necessity of scientific 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 considerations, including the applications for which
the model will be used. The computer model which is presented in this
paper will not reproduce many of the meteorological aspects of rainfall.

On the other hand, the computer model can be used by the hydrologists to
generate thunderstorm rainfall patterns satisfactory for use as a synthetic
sequence of rainfall data for input to rainfall-runoff models.

Development of a simulation model involves a number of steps. The
steps included in the present model development were:

1. Formulation of the problem or objectives

2. Collection and processing real world data

3. Formulation of conceptual model

4., Estimation of model parameters

5. Evaluation of parameter estimates

6. Formulation of computer program

7. Validation of simulation model

The objectives of this simulation study have already been discussed
in Chapter I, but these objectives will be reiterated here in slightly
different terms. Two general reasons can be given for developing a model
to simulate thunderstorm rainfall. First, simulated rainfall can provide

a test of certain assumptions and hypotheses on which the model is based.
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Failure of the model of reproduce observed rainfall patterns would imply
that some, or all, of the hypotheses on which the model is founded must
be rejected, while successful reproduction of historical rainfall patterns
can be interpreted as a validation of the relationships incorporated in
the model. A second reason for simulating thunderstorm precipitation is
to provide a data sequence that can be used in hydrologic studies which
require precipitation input. Hydrologists have devised causal models for
streamflow generation which convert precipitation over a watershed into
streamflow. In calibrating such watershed model historical sequences of
rainfall and the associated streamflow are required. However, if the
watershed model is to be used to predict the statistical characteristics
of streamflow expected in the future, simulated precipitation wvalues may
be used, as long as the simulated precipitation sequences manifest the
characteristics expected, in a statistical sense, from the actual rainfall.
Hydrologists have long used statistical descriptions of point precipi-
tation to predict the runoff to be expected with a given frequency from a given
watershed. These predictions have, in the past, been based on very simple
rainfall-runoff relations which were not capable of incorporating temporal
and spatial variation in rainfall. Presently the more advanced watershed
models are able to take into account such wvariation in precipitation.
Thus, the development of a model for simulating thunderstorm rainfall will
provide input data for these watershed models and will allow increased
accuracy in the prediction of storm runoff.
The second major step in model development, collection and processing

of real world data, was described in detail in Chapter III. Chapter III
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also described parameter estimation (step 4) and parameter evaluation
through graphical comparison of historical and fitted relationships (step
5). Formulation of a conceptual model (step 3), and formulation of a
computer program (step 6), are described in the following paragraphs.
Model validation, the final step in model development, is presented in

the following chapter, Chapter V.

The Conceptual Model

The basic element in the construction of the model is a thunder-
storm cell which is manifested as an isohyetal pattern on the ground,
moving in a certain direction along a certain path. The direction of the
cell path, the velocity of the cell and the size of the cell are considered
random cell parameters. The number and the initial positions of cells
are also considered as random. Estimates of the probabilities which
describe the operation of the model were obtained from an analysis of
rainfall data as described in Chapter III. A basic assumption is that
the particular probability density functions which describe the population
parameters are know from Chapter III.

The concept of the model given in the previous paragraph emphasizes
that the model is fundamentally stochastic. Three types of stochastic
elements were envisioned to operate within the system being modeled. First
of all, a number of parameters were considered to be independent random var-
iables. For examples, the initial location of a cell and the number of cells
within a storm system were treated as independent random variables and
were generated by the computer by random sampling techniques. The reader

is referred to Naylor et al (40) for a detailed explanation of these
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techniques. Other techniques were needed to handle stochastic parameters
that were related to some other element of the system. For example, in
Chapter III it was found that the logarithm of the maximum rainfall
intensity is linearly related to the cell duration. In cases like this
where there was a clear relationship between variables, the values of the
dependent variable was generated by adding a random component to the value
predicted from the current value of the independent variable. Such
techniques are frequently used in hydrologic simulation. See references
(24, 55). In the case of generating cell directions with respect to the
wind direction there was no apparent functional relation between the
sequential cell direction values, but the value of cell direction at time
t+1l was influenced by the cell direction at time t. In order to generate
the direction of cell movement, a matrix of conditional or marginal pro-
babilities was employed. For additional background on marginal probability
matrices, see reference (6 ). The various statistical characteristics of

the model parameters are summarized in Table 4.

Generation of Stochastic Elements

The elements of the simulation model are formulated and the
stochastic characteristics of model parameters are described in the
following paragraphs.

Maximum Cell Size

The maximum dimension of the minor cell axis was generated from
the relation derived in Chapter III between the maximum major and minor
cell axes. A graph of the density function relating the maximum major

and minor axes is given in Figure 32. The method followed during the
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in B ) B Table 4. Statistical Characteristics of Model*i°‘:3 .
) _.f::'- "~ " a. Parameters of Probability Density Functions . ‘ 1
f:? b Variable Symbol Dist., Type Range ~» " Mean Std. Dev.
* Wind Velocity "7: VELW Triangular 0-32 mph 16.0 mph -
Wind Direction T?:' THETAW Normal I 24,5° 74.0° _}3
Cell Duration e X1 Normal _fil : 53.3 min. 15.9 min. .
 ' Maximum Major Cell DMMAJ  Normal 2 ’ 7.2 mi. 1.5 mi.
e Axis o
© " Maximum Minor Cell DMMIN Triangular AA=DMMAJ/2 o N
5. Axis o | CC=DMMAJ/1.2 - oL
Distribution Parameter b Normal @ 0.116 0.043
. . 2 )
Along Major Axis " e
Deviation of Cell VELD Normal (It_l-i }>0  ~1.94 mph 8.24 mph .¥
Velocity from Wind o _ (It_l—It)<0 -4.92 mph 7.58 mph
Deviation of Cell THETAD Normal Y . 11.0° 54.6°
Direction from Wind ST a}§~¢' . L
Deviation of Cell .+ i Uniform -90 -120 -60.0 -
Direction from the e h Normal -60 -90 -13.5 34.5
Previous Direction S Normal -30 -60 -10.5 18.0
= ' Normal 0 =30 _ -5.6 40.0
: Normal 0 30 P 10.4 41.1
e e Normal 30 60 T 48.2 40.0
SR R Normal 60 90 34.9 35.8
L A ‘in .~ Uniform 90 120 +60.0 _
T . ‘o . :
b -' . R .
) ¥ “‘.‘ . ‘(
o ' -'L‘_ ARl "
w Co . “ ; R
B S ' LA
: ' - 3 [ . o " i b ‘ L ; . '- .
R '—,' . = ifr. -
Lo E -
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Table 4. Statistical Characteristics of Model

b. Relationships Between Model Parameters

Variable Symbol Type of Equation
Relation
Temporal Variation DMAJ Reg. eq. (1) =.39-1. 06T+15.04T2—27.8T3+
of Cell Axes DMIN 13.8T"*+€ 3
=,37+0.57T+8.50T"-19.9T +
ll.OT"*+€
Temporal Variation XMAX Reg. eq. =,14+1,91T+4.95T —14 8T3+8 18T4+€
of Rainfall Intensity Lin. int.(2) 0.4-0.6
Lin. int. < 0.6
Maitmain, Badnfdll Tot. XMAXT  Lin. reg.(3) =0.0667+0.0068 XI+RNNxo (1-R%)L/2
at the Cell Center
i 2,142

Distribution Parameter bl Reg. eq. =0.112+1.187 b2+RNNx0 (1-R")
Along Minor Axis
Spatial Var. of Rainfall I Bivariate =IO exp—(b2X2+blY2)
Int. Along the Axes Dist.
(1) Reg. eq. = Regression equation

(2% Lin, 10t
(3) Lin. reg.

Linear interpolation
Linear regression

T = Percent of cell duration
= Random element
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- gene;étion proé;és of the maximum ﬁinor cell axis is c;ile&'a reje;tion‘ff : _ﬁ;gi
method (40). A A I ' T T ;;;}ff
'~£1'  1, The maximum major cell axis (DMMAJ) was drawn from a normal ?”‘;
'Fi o probability density function with a mean of 7.16 miles, and a . ~i
l Rkt standard deviation of 1.47 miles. (Samples from the normal
L density function with mean zero and standard deviation of unity
were generated by summing twelve random numbers and subtracting

six fromthe total.) ST T e R

?;:_t"‘;; = 2. A pair of random numbers* RNl and RN2 were generated by a K

gpri

function subroutine. L w BT
] ‘-“.,: "4 3, By using the information obtained in parts 1 and 2, the following

relation was established to generate a random value for the maximum

minor cell axis in the range (AA, CC). (See Figure 32) e
DIOMIN = AA + RN, (@G-8 4T AN ) BN

4, By the use of second random number(RNz), a value for funection -  ';3
:'“?l?_ Z = RN2 (2/(CC-AA)) was found. If the density function F was less
than or equal to the function Z, them the value of DMMIN was B

accepted; otherwise, a new pair of random numbers were generated = -

Y

b and the method was repeated starting from step 2.

) h - e ‘.‘ ' ' T a Ch LS e ,.i ',,. L i ":—|.'~'-7.--'
L Cell Duration ‘ ‘ : D S : A

The cell duration was selected from a normal density function with

a mean of 53.3 minutes and standard deviation of 15.9 minutes.
e T - e RETR Jt '

o : . . . ! . .
iy PRI EIEREU R 2 S S !

#The term '"random number" refers to a random variate selected from a
uniform probability density function over the interval 0.0 to 1.0.

Ay . e
-f‘_: EI .. I L
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Temporal Variation of Cell Axes and Rainfall Intensity at the Cell Center

i. Temporal Variation of Cell Axes. As was mentioned in Chapter III,

the relationship between the dependent variable Y, which in this case is
the value of the dimensionless cell axis, and the independent variable T,
which is the cumulative percentage of cell life, was in the power series
form. The first four terms of the polynomial were retained and fitted
to data by the least squares method. The coefficients of the polynomial
were chosen so that the sum of the squares of deviations from the line
was minimum. The following relationship was used to generate random

values of Y by adding a random error component as shown in equation (6)

% 2 3
Yj = a, -+ alT + a2T + a3T B a4T4 + Ej (6)

i i .th
where Ej is the random component associated with the j values
of Y. The random component was generated from a normal distribution

function and ays 815 855 84, and a, are the values of the polynomial

4
coefficients. 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 coefficients for major and minor

axes and the standard errors of estimae (Se's) are

84 By a, 8y 8 Py
Malor sive. 0.39 <1..06 15.06  -27.80  13.84 0.035
WAOE & v T 57 0.57 8.50 -19.91  11.00 0.042

ii. Temporal Variation of Rainfall Intensity at the Center of

the Cell. The variation of intensity was grouped into three categories.

In the first category, the rainfall intensities at the cell centers were
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less than 0.40 inches per ten minutes and were fepresented by a poly— ;::fﬂ'lm
nomial equation of the form shown in equation (6). The coefficients - "7~ '»

" of the equation were a, = 0.14, a, = 1.90, a, = 4.95, a, = 14.82, and L

0 1 2 3

a, = 8.18. The other two categories, which were grouped in two ranges, “‘,nl .
0.40 to 0.60, and greater than 0.60 inches per ten minutes, were not ',f‘-l_i~
fitted by a polynomial because of greater skewness and steepness of the

distribution curves. A method of linear interpolation was used in the

simulation runs. A series of 50 T's (dimensionless cell duration) and

L

Y's (ordinates of the rainfall intemsity curves) were read into the

computer; the rainfall intensit& at intermediate values of T were found .
by linear interpolatiom. N ‘ L L R S
Maximum Rainfall Intensity at the Center of the Cell ' "’:"l”_ SR

H [E—-

A relationship between the cell duration (t) and the logarithm

*>

of maximum rainfall intensity (IO)max at the center of the cell was .JQJQ';‘
linear. The linear regression relation defined by a straight line in '?;14"
Figure 16 of Chaptéf IIi ﬁfovided the Basis of a procedure for generating o
the maximum rainfall intensity which occurs during the life of a cell,

A random component was added as shown in the following equation during

the generation of maximum rainfall intensities. :j “f.” L ‘(.f
. . o ek
S yea tac+rwo QRHYZ G L ) '
0 1 y . TN .;;_‘_‘__:_'.;‘-- cwtT .
In equation (7) ag = -0.667, a, = 0.0068, t is the cell duration in T

. minutes, RNN is a normal random variate with zero mean and unit standard
deviation, R is the coefficient of correlation between cell duration and
maximum rainfall intensity, GY is the and Y is a logarithm of the maximum “w -

rainfall intensity.

"
o
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The distribution of the maximum rainfall intensities at the cell
centers generated by equation (7) showed a distribution shifted to the
right as compared to the historical data. The reason for this was that
in the simulated model the maximum rainfall intensities were assumed to
be at the center of elliptical isohyets, but in the observed storm cells
the maximum intensities were always assumed to be at a raingage. The
simulated model study showed that the distribution of the maximum rain-
fall intensities could be improved if 0.065 inches of rainfall, as shown
in equation (8), is added to an antilogarithm of a simulated maximum
rainfall intensity. Therefore the following relation was used to make

this adjustment.

() exp (Y) + 0.065 (8)

where (IO)max is the maximum rainfall intensity at the center of the cell
during its life.

Spatial Variation of Rainfall Intensity Along the Cell Axes

The point rainfall intensities at the ground surface were generated
by a bivariate distribution equation. Equation (4) given in Chapter III
was used to describe the distribution of rainfall intensities along the
cell axes and the following procedure was used for determining the point
rainfall intensities (It) at any raingage location which was within a
rainfall pattern:

1. The distribution coefficient b2 along the major axis was

generated from a normal density function given in Figure 20. A

linear relation between the distribution coefficients b, and b

I 2
was established in Chapter III.
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2. Simulation required the addition of a random component to
the relationship developed between b1 and b2' To generate the
distribution coefficient bl along the minor axis, equation (9)

was used.

b, = a. + a.b, + RNN c:l(l-Rz)l/2

R el (9)

where a, = 0.112, a

0 = 1,187, o, is the standard deviation of

1 1

distribution coefficient along minor axis, RNN is a random normal
number and R is the correlation coefficient.

3. Simulation proceeded by generating a maximum rainfall intensity
(Io)max at the cell center (see equations 7 and 8) and by using
dimensionless rainfall intensity curves to find the maximum cell
center intensity at time t.

4, In order to compute the point rainfall intensity at any

location within a cell boundary, a bivariate distribution function

expressed by the following equation was used
I (X,Y) = (I ). exp (- B.,x° +b.¥Y)) (10)
1 RS gk 2 1

where X and Y are the coordinates of a raingage location with
respect to the cell center.

Direction and Speed and Cell Movement

The first step in generating direction and speed of cell movement
was to simulate two values for the wind speed and direction at the 500 mb
level.

During the simulation of the cell speed deviation from the wind

speed, two normal probability density functions were used. During the
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time when the rainfall intensity at the cell center was increasing, the
cell speed deviation was generated from a normal function with a mean
of -1.94 mph. When the rainfall intensity was decreasing, the mean cell
speed deviation from the wind was -4.92 mph. The mean and the standard
deviation for both increasing and decreasing rainfall intensity were
-4.,0 mph and 8.0 mph, respectively. During the middle period of cell life
(35 to 50 percent of cell duration), rainfall intensity and cell size
generally reached a maximum value, and the cells were observed to move
with a velocity equal to or less than the wind velocity. In order to
simulate the cell movement during this period, cell speed deviations
from the wind were limited to zero or negative values.

The mean wind direction was found to lie along a line East 24.5
degrees North. The distribution of the wind direction was represented
by a normal density function. The cell direction during period t was
related to the cell direction during period t-1. This approach required
only the first cell direction to be generated from a relationship in which
the wind direction was a factor. The other cell direction deviations
were generated by utilizing a marginal probability table. The use
of marginal probabilities was necessary in order to preserve the
serial correlation between the successive cell directions. 1In Table 5, the
number of the observed cell direction deviations during period t with
respect to the period t-1 is tabulated. The cell direction deviations
are grouped into eight categories, each of which covers a 30 degree interval.
The observed number of cell direction deviations grouped into the middle
six categories, between 0.0 and + 90 degrees, showed that the data can be

fitted by normal distribution functions. The statistics of these distri-
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butions are given in Table 4a. Due to the lesser number of observed cell
;; direction deviations in the range outside of + 90 degrees, the proba-
"Vbility functions are represented by continuous uniform distributions.
During the simulation process of cell direction deviations from
" the wind the following steps were followed:
1. The cell direction deviation from the wind during the first
period of cell life was generated from a normal density function
presented in Figure 25. (Refer to Chapter III) ,
Y. 2. The other cell direction deviations were generated by the
use of Table 5 in which the marginal probability distribution
of cell direction deviation during period t was tabulated with
respect to the period t-1. As an example, if the deviation of
‘v cell direction from the wind at the first five minute period
:ﬂ_' i; ig in the range of 0° to -30°, then the cell directioﬁ
deviation at 15 minutes of cell life would be generated from a
normal distribution function whose mean and standard deviation
was =5.6 and 40°, respectivel?. (Refer to Table 4a) - |
3. The procedure reverts to step 2 for the other periods of cell

o

* 1life until the cell duration is completed.

Number and Orientation of Cells - . w7

v+« The total number of cells simulated within a storm period#* ranged "f~'“

between two and nine. The number of cells was selected from a discrete

uniform distribution. The number of independent cells active at one time

PR G " AP KN W ie A

*Storm period is a time difference between the initiation and cessation.
of precipitation during which the number of cell generated ranged between
two and nine. ‘
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was also generated from a discrete uniform distributdion on the interval a

one to three. Seventy-five percent of the time, a dependent, or a baby
cell, was generated at a mean distance of five miles from the center of
the independent cell. The origin of the baby cell was within the third
or fourth quadrant of a cartesian coordinate system formed by the major _ '*ﬂlmif'
and minor axes. The time lag between generation of the two cells was 10 -
to 40 minutes., In addition to the formatién of primary baby cells, ﬁheré
was a 50 percent chance of forming secondary baby cells from primary cells. )
The origin of secondary baby cells was related to the temporal and spatial
characteristics of primary baby cells in the same way as the primary baby
cells were related to the independent cell. The same method of generating
baby cells was followed for all the independent number of cells generated

at one time until the total number was completed. Then, if the total

number of cells within a storm was not complete, a new set of independent
cells was generated with a time lag of 10 to 80 minutes from the previous

set of independent cells and the procedure was repeated. When the duration ‘{,"
of the existing cells was equal to the time lag between generation of Lx
baby cell and existing cell, then two primary baby cells were generated

from the existing cell at the downwind (first and second quadrant) side

of the existing cell major axis directiom.

When simulated cells did not pass over any raingage in the network,

the cells were dropped from consideration and additional cells were

generated to take the place of those dropped. . - -

. R o - . e o B} 7
A _ . S, . . . o AT R

jf{°_ SR M .7 8imulation Program S

i » A computer program was written in FORTRAN language which has 'f*:?,;l

the following structure. The main program statements handle input-output

“p
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as well as the sequence of the simulation procedure. The first part of the
program includes instructions to control the value of the model parameters
as well as to read the raingage locations. Part two pertains to the dynamic
part of the program in which the cell is moved forward through ten-

minute time increments, starting from the first five minute period.
Rainfall intensity values are generated throughout the life of the cell

and are printed at 5, 15, 25, .... etc. minutes of cell durection, the
midpoints of the ten-minute periods. Subroutines are provided to generate
primary and secondary baby cells and to store the necessary values for
printing and plotting of the computer outputs. The raingage locations

and the isohyetals cells patterns were plotted by a Calcomp plotter.

During the process of simulation, subprograms are called for generating
new values of the cell parameters whenever they are needed.

To simulate stochastic processes, uniformly distributed and statis-
tically independent numbers are needed. For the purpose of this study,

a multiplicative congruential method was used to generate random numbers.
This method has been found to behave statistically quite well and, further-
more, by selecting an appropriate multiplier and random number, a maximum
period in the generated sequences is insured.

The origins of the independent cells were generated within a
rectangular area, 25.0 miles by 7.5 miles, 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 fixed origin and fixed axis orientation to which the raingage
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coordinates were referred. The origin of this system was selected as the
middle raingage station. In the second coordinate system, the origin
moved along the trajectory of the storm cell and the perpendicular axes
were oriented along the minor and major axes or the elliptical cell. The
independent thunderstorm cells, which were initially generated at random
within the rectangular area, could easily be followed. The primary and
secondary baby cells were expressed in terms of the Lagrangian coordinate
system and the cell boundaries were established so that the location of
raingages could be expressed with respect to the ischyetal cell center.

In order to describe the simulation procedure followed in the
model, a step by step sequence is presented and a flow chart is drawn
to show the sequences of model operation in a schematic manner. The
schematic flow chart is shown in Figure 33. A detailed flow chart is
attached in Appendix C, in Figure C.2.

Step 1

The means and variances of the probability density functions

used in the model are specified as input data. Polynomial

coefficients for the fourth order equations and the coordinates

of the raingages are also input data.

Step 2

The wind speed 1s selected from a triangular distribution which

covers the range between zero and 32 mph and shows a peak wind

velocity of 12 mph. The direction of the wind is generated from

a normal density function with a mean of E24.5N degrees and

standard deviation of E74.0N degrees.
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Step 3

The total number of cells simulated within a storm period is
generated from a uniform distribution on the interval two

to nine. The number of independent cells generated at

one time ranges from one to three, with a time lag of 10 to

80 minutes from the previous set of independent cells.

Step 4

The origin of an independent cell is generated at random within
the target area. By a random process, a decision is made as to
whether or not a baby cell will be allowed to originate from an
existing cell. Seventy-five percent of the time, a primary baby
cell originates from an existing cell.

Step 5

The cell duration, the maximum rainfall intensity at the center
of the cell during the life of the cell, the maximum major cell
axis at the time of maximum cell growth, and the distribution
coefficients of rainfall intensity along the major axis (bz) are
generated from normal frequency curves and the distribution
coefficient b, and the maximum minor cell axis are determined

1

from the relations established among bl and b2 and maximum major

and minor axes. The values are stored for use in later steps.

The following steps keep track of an existing cell trajectory and
cell characteristics at times of 5, 15, 25, ... etc. minutes of cell

duration to insure the use of proper dimensions, and also to provide
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Step 6 “fig-ug SR tj;ajv7
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In the first stép,jthe prograﬁbéimulates the m;jor and minor cell
axes and the rainfall intensity at the cell center for the first
;‘.j‘ five minute period. Then the cell is moved forward through ten
mi;ute tiﬁe iﬁéréﬁents. %he celibspeed deviation and cell direction
deviation from the wind are generated to determine the position
of the cell with respect to the first cartesian coordinate system.
t‘f' < The cell coordinates are expressed in terms of the Lagranglan =
frame of reference.
Step 7

After the transformation of the raingage coordinates and the

.";‘ls-.

T cell isohyet boundaries are completed, the point rainfall intensities

1.

at the raingages within the cell boundary are calculated. ~3x. ~

The sixth and seventh steps are repeated as many times as needed
until the cell duration is completed, or the cell center coordinates fall
cutside of the target area. . - R BT AR

ook - - ‘.. T . co B

Step 8

UE;‘; . Depending upon the decision made in Step 4, a primary baby cell

originates from an existing cell provided that the existing cell
has dropped rainfall on at least one raingage. In addition to the

formation of the primary baby cell, 50 percent of the time the

’ﬁﬁ "' secondary cell is generated from the primary cell within a

distance of two to eight miles from the center of the primary cell.

i
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This chapter is devoted to data analysis and comparison of
historical and simulated thunderstorm rainfall. The stochastic thunder-

storm model is designed to reproduce the cell characteristics of the

testing of the model is based on a comparison of thunderstorm rainfall data
generated by a computer model with data from three years of historical Lo
records. o |
The procedure for testing the model was, in principle, straight-
forward. Basically, the process was one of comparing simulated data with
historical data. However, difficulties arose because the simulated and
historic data are probabilistic in nature and because a large amount of
effort is required to define the details of isohyets generated over short
time intervals. Therefore, a method of testing based on data other than
that given by short-time interval isohyets was used. The rainfall para-
meters which were used for model testing were selected because they (1) " ¢
were throught to be representative of many of the most important features

of thunderstorm rainfall, (2) were relatively easy to obtain, and (3) had

not been directly built into the model.*

*The statistical characteristics built into the model were, of course,
reproduced by the model. This was affirmed by comparing the characteris-
tics of the generated data with the historical data on which the model
was based. . : _ ‘ . e

. : . - . :




105

Most of the model testing involved analysis of the rainfall which
occurred at the gage with maximum rainfall. This is the gage which recorded
the maximum total depth within a closed isohyetal pattern during the life
of a storm. Thus, more than one gage could be used, since distinct isohyetal
patterns created by separate cells could occur over the gage network.

This definition of the maximum rainfall gage applies to both historical

and simulated data. The number of distinct patterns usually ranged from

one to four with two being the most commonly observed number. Rainfall

at the gage with the second highest rainfall was also used to test the

model, as were statistics on the number of cells active at ten-minute
intervals over the gage network. Hence, the testing of the model was

based on rainfall characteristics as seen from an Eulerian frame of reference,
while the generation of the rainfall took place in a Lagrangian reference
frame.

It should be pointed out that the historical data used to test
the model was not the same as that used to set 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 testing.
The rainfall characteristics used to test the model are listed below and
described in subsequent paragraphs.

1. The frequency distribution of rainfall duration at the rain-
gage recording the maximum amount of accumulated rainfall.

2. The frequency distribution of the maximum amount of accumulated
rainfall at the gage with maximum rainfall.

3. The frequency distribution of maximum ten-minute rainfall
intensity at the maximum-rainfall gage.
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4, The relationship between the duration of rainfall and the
maximum amount of accumulated rainfall at the maximum-—
rainfall gage.

5. The relation between auto correlation coefficients and
the time lag of rainfalls between the maximum-rainfall gages
and second maximum-rainfall gage.

6. The relationship between correlation coefficients of ten-
minute rainfall and distance between the gages
recording the two highest accumulated amounts of rainfall.

7. The frequency distribution of the number of active cells
present during ten-minute periods.

Initial runs with the computer model indicated that some modifi-
cations were needed to bring the performance of the model into line with
the observed storms. Some of the modifications were simply changes in the
parameters of the frequency distributions of the cell characteristics.
Some other changes were required in the interior structure of the model.
These changes are included in the model description in Chapter IV. On
the basis of knowledge gained from these initial runs, further computer
runs were performed to test the effect of the improvements made on the
model parameters as well as to get a more complete understanding of the
capability of the model.

One hundred and twelve thunderstorms were studied during the summer
months of 1968, 1969, and 1970. To facilitate the model testing, and to
make the comparison of both historical and simulated data easier, the
total storm isohyetals for observed and simulated storms were drawn and
the maximum rainfall gages were selected. From the total rainfall plots,
231 gages with maximum rainfall were selected and the rainfall data from
these gages were compared with similar data obtained from the generated

thunderstorms.
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The observed data on the temporal distribution of rainfall
intensities recorded at the first and second maximum-rainfall gages were
studied. Peculiar intensity characteristics were observed at the end of
each rainfall period. The intensities with less than one tenth of an
inch of rainfall during the dissipating stage of the cell were not
recorded as a continuous sequence of rainfall intensities. Instead, one-
tenth increments were recorded within varying time intervals which ranged
between ten minutes and approximately two hours. It was also observed that
the time lag between the initiation of rainfall at the maximum and second
maximum rainfall gages depended upon the rate of rainfall and also the
number of cells passing over the raingages. The temporal distribution of
rainfall at the maximum and at the second maximum-rainfall gages were
similar. The initiation of rain, the time of occurance of rainfall of
highest intensity, and the cessation of rainfall generally occurred with
a zero to ten-minute lag between the maximum and second maximum rainfall
gages. The shorter time lags were measured on the more densely gaged
areas of the watershed. The second maximum rainfall was recorded at a
raingage along the major axis of the total storm isohyet. 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.1, the temporal distributions of the maximum rain-
falls at the gages are tabulated. The analysis of data indicated, in
general, three types of cell movements over maximum rainfall gages. The
following list of cell movements were most commonly observed:

1. Eighty percent of the time a single cell passed over the
maximum-rainfall gage.

2.a.Ten percent of the time, two cells passed over the maximum
rainfall gage within a time interval of 10 to 40 minutes.

b.Three to four percent of the time two independent cells passed
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over the maximum-rainfall gage within a time period of two
hours or more.

3. About six or seven percent of the data showed three or more
cells within a varying time interval (from 10 minutes up to
two hours) passing over the same maximum-rainfall gage.

In each of the three cases stated above, the following assumptions
and corresponding adjustments were made on the rainfall data for the
maximum-rainfall gage and second maximum-rainfall gage.

1. When one-tenth of an inch of rainfall was recorded within a
time interval of 20 minutes or less, the rainfall rate was
assumed to be continuous.

2. If an increase of one-tenth of an inch in the amount of rainfall
required more than 20 minutes to accumulate, the rainfall rate
was assumed to be zero during this interval. This assumption
was made even though the rain code indicated that rain fell
on the raingage within that time period.

3. 1If two consecutive continuous sequences of rainfalls were
observed within a time interval of two hours at the maximum
rainfall gage, then each of the rainfall sequences was con-
sidered to be a separate record.

The above assumptions were needed because the model was not pro-
grammed to generate low intensity continuous rainfall sequences at the
end of a rainfall duration from a single thunderstorm cell traveling over
the raingage. The model was also not programmed to generate multicells
within a time interval of two hours or more. The rainfall intensities
grouped in categories 1 and 2a were generated reasonably well by the model.

For model testing, one hundred and seventeen storms were generated.
The total storm isohyetals were drawn to select the synthetic maximum-
rainfall gages. Three hundred and eight maximum-rainfall gages were
identified and the synthetic data at the raingages was stored to be used

in the model testing. A greater number of isolated rainfall patterns

were generated in the simulated storms because:




1. The parameters (distance, location, speed, and directiom) .
. which controlled the formation and movement of baby cells in -~ = °
= "Iy .. .- . the simulated rainfall with respect to an existing cell were ‘
s " not capable of producing well organized storm isohyetal =~ .-
éomet e patterns such as appeared in the observed storms. o)

-

2. The generation of baby cells from the existing cells was
not allowed in the case of no rainfall records at the rain-
gages from the movement of existing cells., Instead, an
fa additional number of independent cells were generated in
“4.... - .. place of the discorded cells, Consequently, the cells were
© 7 more scattered over the watershed. - :

Some other discrepencies were noted between the model results and

AL
ERU

the historical rainfall., Some of the differences could be attributed to
the complexity of the cell characteristics and to the high probability that.
no gage was present at the actual cell centers where the maximum rainfall f%uﬁ;**“
activity occurred. Some other differences were due to generation of
overlapping cells by the model. In the case of overlapping cells, the _;' B ;fﬁ
amount of precipitation was overestimated. When no gage was present near
the center of the cell, the values of maximum accumulated rainfalls were "-;?
underestimated. N R U Py
In Figures 34 to 40 the results of the simulated studies are com- r*;r?
pared with the historical values. The rainfall parameters utilized for |
the model testing will be discussed in more detail in subsequent sections

of this chapter. " .~ .'- .-

1. The Frequency Distribution of Rainfal) Duration at the Gage with 'f‘f;"g -

. Maximum Rainfall e o ' 5.ff n

LT S e

In order to determine the duration of rainfall at the maximum E,;gf3

rainfall gage, the centers of the storm isohyets were identified from the : ;i;

storm maps. Depending upon the temporal distribution characteristics of
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rainfall generated at the maximum and second maximum gages*, the three
types of adjustments which were already mentioned were made on the rain-
fall data. The duration of rainfall at the gage recording the maximum-
rainfall in the historical storms ranged from ten minutes for a single
cell passing over the raingage to 150 minutes for a storm during which
continuing cells, with small time intervals between cells (ten minutes
to 40 minutes), were observed. The frequency distributions of rainfall
duration for the observed and the simulated rainfall data are plotted in
Figure 34. The type of trend represented by the frequency bars was
similar for both historical and generated storm studies. The most fre-
quent duration of rainfall at the maximum rainfall gage was between 30
and 40 minutes. At the 0.0l level of significance, a t-test, showed that
the mean values of the observed and simulated storms were not different.

2. The Frequency Distribution of the Maximum Accumulated Rainfall at the

Gage with Maximum Rainfall

The statistic for the maximum amount of rainfall for the historical
storms was obtained from the data presented in Table D.l1l. The frequency
distributions of the historical and simulated data are drawn in Figure 35.
The most frequent maximum amount of rainfall 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

this range. The reason for this difference between generated and observed

*If the time interval between the two consecutive cells passing over the
maximum rainfall gage is equal to greater than one hour, then the duration
of rainfall for each cell was considered to be a separate record. If
the time interval was less than an hour, the duration of rainfall was
assumed to be a continuous record.
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data was related to the categories of thunderstorm rainfall included in

the model. Categories 1 and 2a, the categories of observed precipitation
included in the model, did not include some of the multicell events observed
historically. It was these multicell events which were responsible for a
portion of the high historical rainfalls, and hence the generated data
showed a lower frequency of large events. The hypothesis that there was

no difference between the means of the observed values and the mean of

the generated values could not be rejected at the 0.005 level of significance
with the "to" test of statistics.

3. The Frequency Distribution of Maximum Ten-minute Rainfall Intensity

at the Maximum Recording Gage

The analysis of observed and simulated rainfall data indicated
that the maximum rainfall intensity occurred in the first two ten-minute
time periods. The frequency distributions of the rainfall intensities
observed and generated by the model at the maximum-rainfall gage are
plotted in Figure 36. The maximum ten-minute rainfall intensities ranged
from 0.10 inches for short duration cells to 1.20 inches per ten minutes
for highly intensive and long duration cells. The most frequent maximum
rainfall intensity was about 0.30 inches per ten-minute period. The mean
values of the generated and the observed distributions were 0.41 and 0.44
inches respectively. 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 level of significance.

4, The Relationship Between the Duration of Rainfall and the Maximum

Amount of Accumulated Rainfall

The average duration of rainfall was computed for each total maxi-
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mum rainfall depth, e;g., all storms in which thé maximum total rainfall - = .-

depth was 0.4 inches were grouped and the average duration computed. This

was done for all recorded depths where there were at least four storms  .°

producing the same maximum total depth. The maximum amount of rainfall

found in both the historical and generated data at the maximum-rainfall

gage during a total storm period was plotted against the rainfall duration

averaged for each total depth of rainfall. The relationship between the
rainfall duration and the maximum amount of rainfall at the maximum rain-
fall gage showed very high correlation. The points shown in Figure 37 for
observed and simulated data indicated a similar trend between the maximum
amount of rainfall from 0.2 inches to 2.0 inches, Generally, less than -
four storm records for the same maximum total depth were available for

the accumulated rainfalls greater than 2.0 inches. Therefore, the study
for both simulated and observed data was limited up to 2.0 inches of
maximum rainfall. ‘

5. and 6. The Relation Between the Correlation Coefficients versus Time

- . Lag and Distance o : SR

' . Lo . . AT Ve 4 P s o
L v

and synthetic data, the following relations were derived:

[

v .. a. The correlation coefficient computed from ten-minute rainfall

s values for the two raingages recording the maximum and second
+ 7 maximum-rainfall was analyzed in relation to the distance
between the gages. R L
b. The correlation coefficient versus the time lag between the
rainfalls recorded at the gages with maximum-rainfall and
the second highest rainfall.

[

The resulting correlation functions for each of the above relations

P

For additional comparisons of rainfall characteristics in the historic

were plotted in Figures 38 and 39 for the observed and simulated values, The
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following conclusions were drawn from each of these plots:
SR 2 The correlation coefficients found for each 0, 10 or 20 minute
o s time intervals at the two raingages were about ten percent
: lower in the simulated storms than those observed from the
historical wvalues.

b. For the zero time lag between the rainfalls, the highest

o correlation coefficient was 0.63 and it dropped to about . . ... |
a 0.40 when the time difference between the initiation of 7. .~
Lo rainfalls was increased to 20 minutes. L e
o ¢. An asymptotically decreasing type of relation was apparently
. observed between the spacing of the two raingages and the
N correlation coefficients.
S SRR
A d. Larger correlation coefficients were obtained in the denser - . i,
. part of the raingage network where the raingages were spaced
oty one and one-half miles apart. . . B

e. The curves appeared to be asymptotic to the 0.40 line of - =~ =« ,:. 

space correlation coefficient when the spacing between the
two gages was increased to seven or eight miles.

7. The Frequency Distribution of the Number of Active Cells Present at

-

Ten-minute Periods

.
iy

The frequencies of the number of active cells over the gage network

at ten-minute time intervals for the observed and generated data are e
plotted in Figure 40. The plot indicated that two was the most frequent

number of cells present with a ten-minute period. The frequency diagram

. obtained from the model gave a similar distribution pattern to that
' observed historically, but the ordinates of the bars showing the relative

frequencies were slightly different. In this study, the highest number = -

A
‘N

of cells 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 level of significance., . .. o e N

*
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It can be concluded from the results discussed in the above

paragraphs that the model was capable of adequately reproducing the

selected parameters. The frequency distributions of the parameters and

the correlation coefficients were about the same for both historical and

generated data. Some variability in frequencies, such as in Figures 34, ij'  j %?;
35, 36, and 40, for the observed and simulated data should be expected  :L”‘ 7
because the presence of active cells over the gage network is a random . ;%'Tﬁ
phenomena. . E??}, s -’;wﬂ‘ ‘“‘-f :--ﬂ”.‘.a; ‘:gi'if‘ﬂ
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

A simple thunderstorm rainfall model has been developed based on
observed storm cell characteristics. The present model permits the simu-
lation of thunderstorm rainfall over a network of gages in the Southeastern
Coastal Plain area.

The performance of the thunderstorm model can be judged successful
on the basis of comparisons made in Chapter V between the historical and
simulated rainfall characteristics. The rainfall characteristics which
are considered to be representative of the most important features of
thunderstorm rainfall were produced satisfactorily by the model.

Some modifications may result from the study of additional historical
data. For example, to get good agreement between simulated and observed
data, it was, in a few cases, necessary to make parameter adjustments.
Therefore, any conclusions drawn from this study should recognize these
limitations and restrictions. However, the overall performance of the
model is considered quite good.

The following conclusions and recommendations derived from this
study should have an important bearing in future thunderstorm rainfall
studies.

1. The results obtained from the plots of successive isohyetal cell

patterns at ten-minute intervals indicated that further improvements in




123

understanding thunderstorm rainfall will require studies on two spatial
scales:

a. An intensive investigation of the cell characteristics
should be done on a microscale level of storm activity. The
reason for this is that the sizes of convective thunderstorm cells
are small and characterized by high temporal and spatial intensity
gradients.

b. The occurrence of cells with respect to each other must

be viewed on a larger scale of storm activity, the macroscale.

Because of these two levels of storm activity, it is recommended
that both radar observations and surface rainfall measurement are needed.
The movement of surface cells observed by raingages could then be compared
with storm echo patterns. The raingages would provide accurate preci-
pitation measurement and the radar would measure the larger spatial
variability of rainfall.

2. It was found that a ten-minute period for plotting isohyetal
maps provides for adequate definition of cell shape and movement. Analyses
based on five-minute intervals showed complex fluctuations (noise) in
some of the time varying characteristics of the rainfall. Use of ten-
minute intervals tended to smooth the data and to make it more meaningful
by eliminating these higher frequency variationms.

3. Quantitative knowledge was gained about many of the characteristics
of thunderstorm rainfall. The following list includes some of the infor-

mation which can be readily summarized.
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a. On an average, the maximum values of the minor and major
axes of rainfall cells were about 4.7 and 7.2 miles, respectively.
b. The cell life varied between 30 minutes and 100 minutes
with a mean of 53 minutes.

c. The maximum cell size was found to occur in the range from
20 to 50 percent of cell life.

d. The maximum rainfall intensity rainged from 0.10 to 1.20
inches per ten minutes.

e. The most frequent maximum intensity wvalues were between
0.40 and 0.50 inches per ten minutes.

f. The average number of cells per storm was found to be five,

with the number ranging from two to nine.

4. Tt can be concluded that representative rainfall characteristics
for model testing may be determined from an Eulerian frame of reference,
although the model operates in a Lagrangian reference frame. This method
of model validation is relatively easy and simple compared to methods which
require large amounts of effort to analyze the rainfall data.

5. In order to study the motion of surface thunderstorm cells,
more accurate measurement of the upper wind data at different pressure
levels (850, 700, and 500 mb level) is needed. This would allow more
accurate measurement of the deviations of cell direction and speed from
the upper wind data.

6. Due to the large amount of manual work needed to process and
analyze the rainfall data, simulation of the rainfall process with digital

computers is a better way to predict the surface storm patterns assocaited
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with cell units. This information can readily serve as input data to a
runoff model or a watershed model for predicting discharge from small
drainage areas.

7. The computer program developed in this investigation, was
relatively simple. A more detailed computer program may be needed in
future studies to describe a variety of cases in which multicells might be
generated within a time interval of two hours or more.

8. A sensitivity test of the model should be conducted to determine
which cell elements have the greatest effect 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 studies.

9. It is suggested that operation and design application of the
model should be kept in mind during future studies of the rainfall model.
The information provided by the model can serve as input to watershed
models for estimates of flow. This is of fundamental importance to
hydrologists who are basically interested in rainfall-runoff relationships.

10. The model described by this study should be tested for pre-
diction of surface rainfall patterns in those areas of the country with
meteorological and hydrological characteristics similar to the experimental
watershed at Georgia Coastal Plain.

11. Transferability of the model to other regions and locations
should also be studied. The model parameters could be generalized in
terms of physical and meteorological characteristics of the regions. 1In
simulating watershed inputs, some of the model parameters might be controlled

by particular physical characteristics of the watershed. The continuation




of this study will be conducted in the School of Civil Engineering,
Georgia Institute of Technology to test the generality and the applicability
of the model in other areas of the United States as more data becomes

available from different climatological areas.
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Figure B.1l.

Thunderstorm Isohyetal Patterns on June 21, 1967.

.
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Figure B.2. Thunderstorm Isohyetal Patterns on June 22, 1967.




Figure B.3.

Thunderstorm Isohyetal Patterns on
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Figure B.4.

Thunderstorm Isohyetal Patterns on July 7, 1967.




4 ' Figure B.5. Thunderstorm Isohyetal Patterns on July 30, 1967. .
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Figure B.6. Thunderstorm Isohyetal Patterns on August 2, 1967.
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SIMULATION PROGRAM AND COMPUTER OUTPUT

A computer program has been written in FORTRAN language to simulate
thunderstorm rainfall patterns as they are described in Chapter III.
The computer program listing is given in Table C.1. The program as a
whole is composed of one main program and seven subroutine subprograms
and one subroutine subfunction. During the simulation of temporally
and spatially distributed cell characteristics, the related subroutines
are called a number of times.

The following variable names are used in the main and subroutine
subprograms.

Bl1,B2 - Distribution coefficients along the minor and major axes
COEF(,) - Polynomial coefficients

CTIME - Time lag between the two independent cell groups

DMAJ( ) - Temporal variation of major axis

DMIN( ) - Temporal variation of minor axis

DMMAJ - Maximum major cell axis
DMMIN - Maximum minor cell axis
DTIME - Time lag between the existing cell and the baby cell

DT( ),DI( ) - Pairs of dimensionless values between percent of cell
duration and rainfall intensity at the cell center (between
0.40 and 0.60 in./ten-min.)
DIT( ),DII( ) - Pairs of dimensionless values between percent of cell
duration and rainfall intensity at the cell center

(greater than 0.6 in./ten-min.)




DX( ),DY( )

DIST1,POST1

DIST2,POST2

DIST3,POST3

EX1,STDX1 -

EX2,STDX2 -

EX3,STDX3 -

EX5,S8TDX5 -

EX7,STDX7 -

EX8,STDX8 -

EX9,STDX9 -

EX15,STDX15

EX16,STDX16

IT - Set to

145

Raingage coordinates with respect to Lagranglan frame of

reference

- Location of primary or secondary baby cell at the upwind
side of the existing cell major axis

- Location of new baby cells at the downwind (northwest
through northeast) side of the existing cell

Mean and standard deviation of cell duration

Mean and standard deviation of cell speed deviation from

the wind speed during the increasing rainfall intensity

period

Mean and standard deviation of cell direction deviation

from the wind direction

Mean and standard deviation of maximum major cell axis

Mean and standard deviation of wind direction

Mean and standard deviation of distribution parameter of

rainfall along the major axis

Mean and standard deviation of conditional probability

distribution of cell direction deviation from the previous

cell direction

-~ Mean and standard deviation of spacing between the baby
cell origin and the existing cell core

- Mean and standard deviation of cell speed deviation from

the wind speed during the descending cell intensity period

1 and increment by 1 around the DO loop

IX - Initial random number
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M - Number of cells in a storm

MM - Storm number

MK - Nonzero value in column 21 to indicate the last card of data deck

e -to interpolate rainfall intensities linearly with respect to percent
of cell life

NN - Number of independent cell

PT(,1),PT(,2) - Coordinates of cell centers at 5,15,25,etc., minutes of

cell duration

PTI(,) - Rainfall intensity at a raingage

RN - Uniform random number

STAT(,) - Raingage coordinates with respect to Eulerian reference frame

THETAD - Cell direction deviation from the wind direction

THETAW - Wind direction

VELD

Deviation of cell speed from the wind speed

VELW

Wind speed

XI - Cell duration

XK - Cell generation control number

XMAX( ) - Temporal variation of rainfall intensity

XMAXI - Maximum ten-minute rainfall intensity during the cell life

ZL( ) - Set to zero to start and increment by 1 each time when raingage

records rainfall

The names of the subroutines are
MAXINT - Generates the maximum rainfall intensity at the center of

the cell




147 e

F."
< e ] L ' . v

. NORM - Generates cell direction deviation from the wind direction at
- the first period of cell duration C ' S s

: 1
ey

NORMAL - Generates normal random numbers X

CFa. S g

o POLYN - Determines the temporal variation of cell size and cell Iintensity

for less than 0.40 in./ten-minute -

K RANDU - Generates uniform random number between (0,1) -
REGION - Determines intermediate cell center coordinates _' fﬁjif?“ .

TRANS - Determines raingage coordinates with respect to the Lagrangian

frame of reference

]

e . b A

TRANSF - Transforms the coordinates of the cell boundaries with respect

to the new cell centers

i

- " The program uses the Calcomp Plotter for indicating the isohyetal
cell patterns at each ten-minute time increment. A portion of the
Computer and Calcomp Plotter outputs are given in Table C.2 and in Figure
C.1l. Figure C.2 shows the detail flow chart of the computer program.
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Vet T —PWRD

A -RUN RSIMUL+51E206%5+SORMAN-U-A,2,200

CEPENT

E - —ASGT
- —USE

PLOTT
2.PLOT

R ~FOR»IS RSIMUL

L C SIMULATICON OF THUMDERSTORM RAINFALL MODEL FOR LITTLE KIVFK WATERSHED

DIMENSION THETAD(12),2L112)
DIMENSION XMAX(12)sPTI{58+14)

DIMENSION PTXX(25+15)sPTYY (25515}
DIMENSION PXX{25}sPYY(25)

CIMENSION PX1(Z5)sPX2(25)sPX3(25)sPX4(25)+PXS(25)sPXE6(2514PXTI125),

1PXB(25)sPX9(25) sPX1UL25)4PX11(25),PX12(25) :
\ o DIMENSION PYL{Z25)sPYZ2(25)4PY3(25)sPYG(25}4PYSIZ5)sPY6E(25)4FYTI25)s

o 1PYB(25),PY9{25),PY10U{25},PY11425),PYL2{25)
N B EQUIVALENCE (PTXX{142)+PX2(1) s 4PTXX(Ls3)PX211) 15 (PTXXILG)aPX4(

e R 1190 (PTRX{1a5)sPXS (115 IPTXX 160 aPXBILI s IPTXX(LsT),PRTILY),

R o LIPTXX(198)sPXBL11)»(PTXX{139)sPXOL1))4{PTXXI1+10)PX10L1)},

. o L{PTXX(La1)oPXL 111w (PTXX{1011)9PXITI2) 2o (PTXX{1,12)sPX12(1)) ’
I . - EQUIVALENCE {PTYY(1+2)sPY2U0) 00 IPTYY(1+3)sPY311) slPTYY 1 yb)srVal RS
o ' L1y s tPTYY 195 aPYS(L) ) o PTYYILs6)sPYSLLI ) IRPTYY(LsTI4PYTI{L) )

W LIPTYY (138 sPYELL ) (PTYYILs9)sPYS (1)) tPTYY{L1410)5PYI0(1)),

- CIMENSION XSTA(58}1,YSTAISB)

Dl Q

P

TA

COUBLE PRECISION RI9COU)

T DIMENSION STATI5B:21,C (582} sDX(58),DY(58) -

DIMENSTON TIMEX(12)2X(121sCOEF{3+639 Y1121 »DMIN{L12)+DMAI(12]

EPSI(3)

. ) DIMENSION
: T DIMENSION
‘e DIMENSION

XARRAY 1121 sYARRAY (12 ) +XSTAT{60).YSTAT(E0}
XPT{1T}eYPT(17)

! DIMENSION

AXSTATIOU s YYSTAT(60) s RXPTILTIAYYFTIL1?)

EQUIVALENCEISTATIL 1) s XSTAT(1) ) s (STAT(1s2)sYSTATIL) )

EQUIVALENCE(PT{1s1)sXPT{1))s{PTi1a2)sYPT(1)}
DIMENSION DTT(1uG).DIf{1V0}

DIMENSION DT(I100)+DI1¢100)
DIMENSION [AUF(100Q)

— 857 FORMAT(4F1043)

-~ 106

READ(59857) EX1235TDX15+EX16+5TDX16

DO 106 LX=143
READ(S» 305 (COFF (LX) a]=144)

e 105

w0 101

FORMAT(6F1245)

. . READ([53101 }IXeEX] sSTDX1+EXI+STOXPEX22STDXE

FORMAT[I111+6F10.2)
READ(S10T7) EX5:5TDAS

107

FORMAT{2F1ue2)
READ(S5,108) EX7+STDX7sEXBSTOXE

108

688

FORMAT (2F1Us242F1244)
£ 3 X11

TOX9sEX10+STOX10+FEX]11.5T0
READ(5+688) ZX12s5TDX12,EX13+5TDX13+EX14+5TDX14
FORMAT(6F 10421

A 3

DO 3 N=1:58
READISs103; STAT(N»1)eSTAT(N+2)

o E . 103

FORMAT[2F 1043}
DO 906 J=1+58

XXSTAT(1)=20.+XSTAT(I}

YYSTAT(131=20e+YSTATL(]}

06

CONTINUE
CALL PLOTS(IBUF{]l)sLQuila 2}

o 859
T 860

I=1
READ 0 T K

FORMAT (2F10a3,11)
I=1+]

IF{MK2EQ+0} GO TO B59

R N %

Call o




R ,piﬁ ™ ™ Table C.1 (Continued). .
. - V- et 1 . . . . N

-
I=l
870  READ(5,860] DTIT{I+yDII¢1ssMKK
Iml+] )
IF{MKKLEQaQ) GO TO 879
DO 498 MMsl,s3
WRITE(§9200) MM
200  FORMAT!(1H1+13H5TORM MUMBER=s[3)
C GENERATION OF WIND SPEED
828  RILB)I=RANDUCIXsIYsYFL)
2 LIKe IYaYFL}
VELW=32.#R (18]
. [F{VELWGTal2++ANDSVELWeLES324} GO TO 826
et _B25  FFaVELW/192,
- B0 TO 827
826  FFE{32¢~VELWI /320 L o . -
427  Lll=R(151/16. A ;
IF(2Z«GT«FF) GO TO 828 ’ L B
C GENERATION GF WIND DIRECTION . A Lk

CALL NORMAL(EXT»STDX7»THETAWIRsIX)
! IF(THETAW) 110s111.112
]

TAW
GO TO 112
TAWSOaQ

112 WRITE{B109) VELWI»THETAW
. o
C GENERATION OF TOTAL NUMBER OF CELL
BRI ImRANDULIX o IYYFL Y

Mu2.048.0%R(2)
WRITE{6,210) M

211 FORMAT (1% ,18HTOTAL CELL NUMBER=, 13}
GO TQ 200)

499 R{LE I =RANDUCTX s [YsYFL)
NT CELLS

CTIME=100. #8115}
L CTIMEulEs30s s ANDeCTIMEZGT 40,y CT[ME=1D,

TF(CTIME«LE s &S aaANDCTIMEGT4354) CTIME=20,
w30,

F M A T
IF{CTIMECLE«5% o e ANDWCTIMEGTa55s) CTIME=40.
250,

IF(CTIME«LE«85s ¢ ANDCTIMESGT# 754} CTIMEnGED,
270,

— JFCTIME,LE+992 4 ANCWCTIME,GTy B} CIIME
- IF{CTIMEZLEal00seANDSCTIMESGTo954) CTIME=BO
WRITE (64499}

WRITE(622002) CTIME
= INUTESY

C GENERATION OF NUMBER OF INDEPENDENT CELLS
2003 Reg)1=RANDUTIXWIYSYFLY

NN®]40+3.0%R{4)

WRITE(6+212)1 NN
212 FORMAT (/2% g AHNN=y]13)

C PLOT COQRDINATE AXES AND RAINGAGE LOCATIONS
05 XARRAY(1)==20,

PC 901 J=1,10
S01 XARRAY ()41 3w XARRAY [J)1+640

CALL SCALE(XARRAY(11410421041)

YARRAY (112-20,
RO 902 J=1410

902 YARRAY [ J+1 ) aYARRAY{J)+440
CALL SCALE(YARRAYI1),410,410,1)

CALL AXIS[54»0s422H Y=CRDINATE+22+ 104904 s YARRAY (11}
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T . Table C.1 (Continued). ".f

a ¥ T LYARRAY (12} }
T %XX=0a0
- - CALL PLOTEXXs0w143)
B CALL PIOT{XXaT10ps2}
H ) DO 903 I=1,20
AXaxX+0a5
CALL PLOT(XX110es3)
P : __ %03 GALL PLOT{XXsQs0a2)
SR e ¥Y20a0 .
' ! Co CALL PLOT{YYs0a33)
AR CALL PLOT(15e54YY12)
- CALL PLOTI15+4502422)
CALL PLOT{l0es2022)
. DD 904 I[=1,20
» . YY=YY+045

! CALL PLOT110ssYYs3) - R S
ST . 904  CALL PLOTtOasYYs2) LT e
’ o CALL PLOT(24+040-3) '
P P CALL SCALE(XXSTAT(1}s74+58,1)

CALL SCALECYYSTATI(114104s584+1 ) .
CALL LINE(XXSTATIL)sYYSTAT(1)+5Bslr-1s1"
- . CALL PLOTt-204009-3)
o~y DO 1301 N=1s58
- - = IFLYS)
YSTALNI={YYSTATIN) /44 )+elD
. . CALL PLOTIASTA(N)sYSTAINIS3)
B sl AU XN=N

R " L1001 CONTINUE
f o, M=M-NN
: DG 500 I1=1.NN
WRITE(62699)
. : - WRITEL6+240) 1
- : . o 240 FORMAT{ /10X 31 FTHINDFPFNDENT CFLLzy131)
ki RUTTI=RANDULIX +1YsYFL)
, ‘ IF(Me Qe D1 XK=0s
: IF{MeGE-1) XK=1.5%RCI1}

LA y TFUXKaLTe1a5¢ANDaXKeGEaUeb5) X&=14a

- . . ' R{241=RANDUIIX1YYFL)
e L. : QUAD=ba*R (241
i [F(QUADsLE«]le s AND«QUADGTeUu) GUAD=1.

IF{QUADSLE 3+ s ANDsQUADGT 424} QUAD=3.

_ . . DG 2 [=1s2
o S 2 R{1)=RANDULIXsIYaYFL)
: - KQUAD=QUAD

S - G0 Y0 (895+896,8974898) +KQUAD
Qv ST B95  XO=1e5%R(1}
. Dt Y0=12.5%R(2)

T GO TO B%4
. o B96  XO=-7.5%R{1]
I YO=12,5%R(2)
o GO TC 894
: B97  X0=-T+5%*R(1}
YO=-1245%R(2)
GO TO 694
. - 898 X0=745*R{11
‘ . YQz-1245%R(2)
. S . 894 P1=3,1415927
YL ’ - PT{1411=XCHCOS(PI/6e}=YO*SINIPI/be)
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Lo 151 - -+ ' :
.L_ Al - o ' * av " LN
T RS
W Table C.1 (Centinued) RN SN
PTLLl+2)=Y0%COS{PI/bu)+XORSIN(PL/6e)
" ANG=ATANZ(PT(142)sRT{1s11}
N , ANGLE=5T7« 3¥ANG
’ L RADSGORT [ XO##2 , 4 YO*#2 o)
et IF[ANGLE-LE-180--AND-ANGLE.GT-O.) GO TO BS5S
. IF (ANG EeO» o AND2ANG =
L 655 WRITE{&9+210) RADsANGLE
A 0 _F O
L L=1
N WRITE{&£2202) | +QUADSPT{L 2 3aPT(La2)
- - 202 FGRMATIIH.TX.ZHL=|Ik;12x.5HGUAD=,F10.2o1lx.BHPT!L-1)--F10-3,13X-BH

IPTEl 4239sF10a31) N

R C GENERATION OF CELL .DURATION.
' . 220 CALL NﬂRMALtExl.STDXI.XI.R.IX)

IFtX]1eGEs1154) XI1=110w
. —rvmm e LELX L allE 1%l GO 10 220
"_ "CGENERATION OF MAXIMUM RAINFALL INTENSITY AT THE CELL CENTER

SO Bap

CALL MAXINT{XI+R#XMAXI»IX) SO

RI91=RANDULTIX+1Y»YFL)
RU10=RANDULIXsI¥sYFL) Co - : e o

C GENERATION OF MAXIMUM MAJOR CELL AXIS  ~ o o !
e CALL NORMAL (FX5,3TDX5.DMMAJARIX )

AA=DMMAJ /2.
BE=DMMAJ/L 5

CC=DMMAJ/1W2
PMMIN=AA+R (2| *({CC-AA)

CI=24/(CC-AA)
ZaCI#R{10)

IF{DMMIN«LE . EE+ANDDMMIN.GE+AA) GO TO 821
IF(DMMINsGE-BB 4 ANDOMMINLELCCY GO TO 822

az21

FaCI#{DMMIN-AA)/IBB-AA)
GO TO 823

R gz2
623

FaCI®{l.—{OMMIN-BB)/{CL-B3})
IF(Z2.0GT.F) GO TO H20

CALL NCRMAL (EXB»STDX81B2sR»1X)
RIB)=RANDU{IXsIY¥YsYFL])

Blm,112+1,187#B2+R{8)%0.0624
DD 686 KK=1412

6BG

IF(ABSIFLOAT (KK*¥10)=XI)eLE«5s) GO TO &85
CONTINUE

685

X1=KK*¥10
WRITE(6§169F1

699

FORMAT (=# % % % % % # # ¥ % % ¥ % # ¥ # % # % % & % 4 % % % ¥ # ¥
LA R ESEESEEEEERES EENENERERENS N X

WRITE(63401) X1 sDMMIN+DMMAJSXMAXT
= =
110X+ EHDMMAJ=3F64296H MILEs4Xs6HXMAXI=+F10.2,12H INC/10 MIN)

TIME(]11=5548

TIMEX(11=5.0
K={X[/1040])

C MOVEMENT OF CELL TRAJECTORY

DO 501 1=1aK

IF(lsEQsal) ZLUI1=0,
IFiI+GTal) ZLIIV=Z1 (1=}

ALII=TIMEX{L}/XI
Lx=]

CALL POLYN{(XsIsCOEFsLXaYsIXsEPSIsR!
IF(Y[T1}aGTala01 Y(I)=]s0

OMIN{1)=DMMIN%*Y{])
WRITE(6270Q0) LXeX({I}aYL{1l)sDMINIT)

100

FORMAT{ /BX93HLX=» 145X 5HX(1)=2F104335XsSHYLT ey Fl0a3+5Xs THMIN{] )=
1eFl043+6H MILES)

LX=2

.
E K]
J e
£
R
N
Ty -
Lt
Ld
Y
N 1. !
.
~ - ’
NN
t.
. a
B
* ™
. .
- —
R
AR
v v
-+
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Table C.1 (Continued) .. - TR

CALL POLYNI(XsI+COEFsLX+YsIXsEPSI#R)
JEiYi1)aBTalal) Y{I}=1a0
e DMAJIT ) SDMMAJ#Y (1)
o WRITEL6,701) | XeDMAJIT)
701 FORMAT (BXs3HLX=s14445Xs7THMAJ (1)1 =sF104346H MILES) v
IE(XMAXLelEoyt0] GG TO 853 :
TF{XMAX14GT e b0aAND XMAXI<LEs+60) GO TO 856 L -
IF{XMAX]+GTee60) GO TO 658" RN Lo
853  LX=3 ’
CALL POLYN{XelsGOEF sl XaY IX+sEPSI4R1
TFIY(I)aGTala) YiI1=1, . oo
XMAX (L} =XMAXI*Y ([} - ‘ I
: - GO TC B65 : . :
- . 856  [FAX(I}4GE«DTT(1})) GO T §71 : L
Lo Y(1)=DII{i1) ‘ o
T KMAX (LY =XMAXI®Y (1) ) ‘ L .
. GO 70 865 s ) . . ST e :
871  J=2 R . . . .
872  IFIX(1}-DTT{J}} B734874+875 S e B .
875  J=J+1 ot - : i
IF{JeLT«100) GO TO 872 o ‘ L
VISRETIR RN T A
XMAX Ly =XMAXI%Y (1) e L
GO TC B&5 ST :
874  YU1)=DII(J) : g
XMAX (1} =XMAXT#Y (1] .
B GO TQ B&5 i en T
- - 473 YiI)=DII(J=1 +(DITtJI=DIT{J=1V1/IDTTLJ}=D [ J=1y 3 #E (1) =DTTES=T01 '_-A o N
g XKMAX (L F=XMAXI#Y (1} B S
- GO TO 885 :
- 858  IF{X(I1eGE«DT(1)} GO TO 846 :
N Y(1}=DT{1y B
. XMAX (L) =XMAXI*Y (1)
GO TO 865 - : -
866  J=2 .o :
864  IF(X(I)-DT(J)) 861+862+863 .
863  JsJ+1 - ’
[F{Jel T.100) GO TO 864 o o ) .
- YU =D1(J) o :
- KMAX(T ) =XMAXI#Y(]) . -
NI G0 TO 865 : . . .
. 862 Ye1i=0J(J) h .
XMAX (1) =XMAXI#Y (] i
GO TO 8A%
B61  YU(I}=DI(J=11+(DI()1-DItd=11)1/7(DT(I)=DT(I=131%(X([1-DT{J=1)} : -z
AMAX (] ) =XMAXT#Y¢T) . ' '
865  WRITE(65703) LX)XMAX(I) ) :

v

=

C DEVIATION OF CELL SPEED FROM THE WIND . ' : .
. IF{I.EQel) GO TQ 876 N
’ R IF(Y(1)=Yt1-11) BT7+8764676 : .
876  CALI NORMAL (FX2+STDX2sYELDRa1X) ' .
K TFIXII)alTes35ANDeX{114GTee50] GO TO 879 ) .
D JF(VELD.GT+0s) GO 10 876 T
- GC TO 879 . oo
' B77  CALL NORMAL(EX16+5TDX16sVELDsRsIX} ’ I
. - TFIX{I1alToee35.ANDX{1)4GT«aBC) GO TO 879 . . N
a ‘ IF(VELD.GT.0.3 GO TD B77 -
879  VEL(I)=VELW+VELD - ’ :
IF((VELWHVELD) 96T20e0) GO TO 503
T W IF{ (VELWHVELD)«LE«DeD) VELII}=040 e
’ 503 RADJUS=VEL([)*TIME(]) /60, : . :
TIME(I+13=10s . ST,
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Table C.1 (Continued).

IF(1«GE+2) GO TO 800
THE WIND
810 CALL NORM(EX33+STDX3sTHETADsRsIXs1)
_IFE{(ARSITHETAD(TI1))alGTa 9041 GO TO AR10
GO TO BOL
8 {THET - «{-120 T > =
IFITHETAD(I=1)4GEe{ =90e) e ANDeTHETAD(I=1)aLTa(=604)) GO TO 803
IF{THETAD(I=1)eGEa{ =60e) e ANDeTHETAD(I=1)alTe(-304)) GO TO BO4
IF(THETAD(I-1)+GEe( -304)«AND«THETAD(I-1)sLTel 0s0)) GO TO 805
. 1FLT - ] =
IF{THETAD(I=1)sLEe{ 60s)sAND«THETAD(I-1)1eGTe(30.0)) GO TO BO7
IF(THETAD(I~1)eLEel 90s) e ANDoTHETAD(I=1)eGTt60+0)) GO TO 808
IFITHETAD(I=1)eLEe{ 120a)«AND«THETAD(I-1)eGT(90.0)) GO TO BO9
802 R{11)=RANDULIX»IYsYFL)
THETAD(I1)==1204%R(11)
GO TO 801
803 CALL NORMI(EX9sSTDX9s THETADsRsIXs1)
IFILABSITHETADLI)))+GT«120.) GO TO BO3
GO TO 801
804 CALL NORMIEX10sSTOX10sTHETADsRsIX21)
IFL{ABS(THETAD(1)))+GT«1204) GO TO 804
GO TO BO1
805 CALL NORM(EX11sSTDX11sTHETADsRsIXs1)

GO TO 801
_ 806  CALL NORMIEX12:STDX12sTHETADsRsIXs1}
IF((ABSITHETAD(I})))sGT«1204) GC TC 806
GO TO 801
BO7  CALL NORM(EX13,STDX133THETADsRsIXs1)
IF{(ABS(THETAD(1)})+GT2120e) GO TO 807
GO TO 801
808  CALL NORM(EX14,STOX14sTHETADsRyIX+1)
IFC(ABSITHETAD(1)))aGT41204.) GO TO 808
GO TO 801
809  R(12)=RANDU(IXsIYsYFL)
THETAD (1 1=1204*R(
801 THETA(1)=THETAW-THETAD(I1)
 IF(THETA(I)elEe(36Ue0) s AND+THETA(])GT0s0) GO TO 510
[IF(THETACT ) oLTo0a0) THETALL}=36040+THETALI)
[ECTHETALT) aGT #3600} THETALI)I=THETA(])=360.0
510  RADIAN=0.0L1T45*THETA(L)
L=1+1
TIMEX(L)=TIMEX (L=1)+TIME(L)
CALL REGION(RADIUS sRADIANsPT sl sQUAD)
PT(L»1)=PT{L=141)4PT(L+1}
PT(1 +21=PT(1-1+2)+PT (1 +2}
CALL TRANSF(RADIAN sDMAJsDMINSXPT s YPTsLsPTXXsPTYY)
CALL TRANS(RADIANSSTATsPTal +C)
C DETERMINE THE RAINFALL INTENSITIES AT THE RAINGAGES WHICH ARE IN THE
c CELL BOUNDARY
DO 1 N=1,58
## - * % + % -
1%%2)}4GTals0) GO TO 1
DX{N}=C(Ns1)
DY(N)=C(Ns2)
PTE(Nal=1)sXMAX(L=1)*EXP (= ((DX(N)*¥%2 ) *B2+ (DY (N)¥%2, 3 #B1) )
IF(PTI(NsL=1)}eGTate0) eANDePTI(NsL=1)oLTatel)) PTI(NsL=11=040
IE(PTI(Nal =1} uGFalal) o ANDQPTI(Nal=1)alTala21) PTIINgl=])=a]
[F(PTI(NsL=1)eGEo{e2) e AND&PTI(NsL=1)aLTals3)) PTI(NsL=1)=42

= e3) e ANDe - -1)=
[F(PTI{NsL=1)eGEele%)«ANDePTI(NsL=2)aLTele5)) PTIINsL=1)=ats
- A = ~1}=

IF(PTI(NsL=1)eGEa{a&) e ANDePTI(NsL=1)aLTafe7)) PTI(NsL=1)=46
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Table C.1 (Continued)

IF(PTI(NsL=1)eGEa(s7) s ANDePTI(NsL~1)alTaleB)) PTI(NsL=~1

IF(PTI(NsL=1)sGEale9) s ANDePTI(NsL=1)alTolle)) PTI(NsL=1)=:9

IF(PTI(NsL-1)eGEallal) e ANDePTI{NsL=1)oLTo{1la2)}) PTI{NsL=1)=1sl

IF(PTI(NsL=11eGEele3) PTI(NsL=1)1=143
WRITE(62702) N+DX(N)+DY(N)sPTI(NsL=1)

702 FORMAT (/7X32HN=3145 11X s6HOXIN)=3F10e3s11X»6HDY(N)=9sF103,11X,11HP
ITI(NsL=1)=sF1lCe3)

ZLUI=ZL 1)+

1 CONTINUE
IFCOIPTIL 1) ) %¥2+(PT{Ls2))%*¥2)uaLE+40040) GO TO 501
GO TO 502

501 CONTINUE
GO TO 868

502 WRITE(69204)
XI=(L=-1)#%10
REL=d
204 FORMAT(/1H»26HPOINT 1S OUTSIDE OF CIRCLE)
C PLOT CELL 1SOHYETS
868 XXPT(1)=(20+XPT(l})/bs

YYPT(1)=(204+YPT(1)) /bs
CALL PLOT(XXPT(1)sYYPT(1}1s3)

DO 907 I=2sL
XXPT{1)=(204+XPT{[})/bs

YYPTUI)=(204+YPT{L})/ba
CALL PLOT(XXPT(I)sYYPT(1)e2})

CALL SYMBOLIXXPT(I)aYYPT(I)30els3s0ss~1)
CALL SYMBOL (99923 YYPT(I)}saU8s2HL=90a92)

AL=1
CALL NUMBER(999esYYPT([}eoOBsXL 90us—=1)

CALL PLOTUXXPTUI)sYYPT(I)»3)
GO TO (495453 7aBsFe10a11a12s1Falbel1614]

4 PXX(1)=(20e+PX1(1)) /44
PYY(11=(2Qa+PY1(1))}/4a

CALL PLOTU(PXX(1}sPYY(11}43)
CALL SYMBOL(PXX(11sPYY(1)sa0846HORIGINSQash)

GO TO 900
5 PXX[11={20,4PX211))/4a

PYY{1)=(20s4+PY2(1)) /4
CALL PLOTt(PXX{1)sPYY(1)43)

DO 908 J=2,25
PXX(J)=(20+PX2(J)) /4,

PYY{J)=(20e+PY2(J)} /b
CALI PLOT(PXX(J)+PYY(J}s2)

908 CONTINUE
G0 TO 900

& PXX(1)=(20e+PX3(1)} /4
PYY(11=(20a+PY3 (1)) /4.

CALL PLOT(PXX(1)sPYY(11}43)
DO 909 J=2,425

PXX1J)=(20e+PX3(J) )} /4
PYY(J)=(20++PY3(J)) /b4

CALL PLOTIPXX(J)sPYY(J}s2)
909 CONTINUE

GO TO 900
7 PXX11)=120e+PX411))/be

PYY{1)=(20+PY4(1)} /b,
CALL PLOT(PXX{1)sPYY(1)33)

DO 910 J=2,25
PXX{J)=(20e+PXb4(J))/be

PYY(J)={204+PY4(J) ) /ba
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: | | 5 : T
‘ -7 Table C.1 (Coptimued) o ot

LN wo - CALL PLOT(PRX(J)+PYY(J1 42} P e e
S 910  CONTINVE * Sl R - )

T A ‘ GO TO 900 . L : SRS
a LR . —. PAX411s(20.+PX5{1b)1/es . - C g . L
Pt ot T PYY{1)=(20«+PY5(11) /b . DA s
LI . . . CALL PLOT(PXX(1)sP¥YY(11+3}) L ! e S ey
R - L DO 911 J=2,25 R A

T PXX{J}=[20.+PX5(J}1 /e . - - o T
PR - S PYY(J)=1204+PYB(d)) /60 ‘ “ - 7 ) L
e . s - p > . : o

. v 911 GONTINUE B R
T ) o GO 10 900 A R
ey e 9 PXX(11=(20++PX6{11) /4 e e

: PYY(13%(204+PY&{11) /G4 g :

o R CALL PLOT(PXXI1)1sPYY(1)a3) ; e R : -
i s e [ . DO 312 J=2,25 s ER oy e
. ) o PXX{J)={204+PXE(J1 174 T S AR

. R . PYYIJ)I=120.+PY&1J}) /b : Tt L. R =
) = . CALL PLOTHPXX({J)sPYY(J)s2) . - B ' ) . -
T ) 912  CONTINUE . o) e . O

GO TO 900 e
. ' e _ 10 PXX¢13={20,4+PX7{ | L7 . . : A

PYY{1)=(204+PYT{1)) /4. ‘ .- < S

. A . ) S CALL PLOTY(PYXC114PYY(11e3) o L
T : . ' DC 913 J=2425 : - ' e S
St " PXX{J1=020,+PXT L)/, : L . oo
1 " ' pl ’ PYY(H1=(20.,+PYT1IJ) ) /6. (. . . : R v
) - [ . - CA PLOT{PXX{ PYY[J13s2 E o . N
. s : 913  CONTINUE s e e D . -
o o = B GO TG 900 LT o
' AR . - 11 PXX(LY=(204+PX8{11 )/ 4e . Sl r

R e L ) PYY{1y=(20.4PYBEL)) /4. : . . JEE -
W m el v ; CALL PLOT(PXX(L1sPY¥YY{1},3) ' L ‘ -
oo DO 914 J=2,25 . . . I ST

T o ) PXX{J)=(20s+PXB{J1 )/t LS s i - T T
h Ty . . ! PYY{JI=({20e+PYBLJ))/bs v Lo :
- . ] CALL PLOT{(PKX{J)sPYY(J152] o T e .
914  CONTINUE ) . . Yo
» . ] GO TG 900 o . g : P
! : s 12 PXK{L1I1=(20e4PXI(L) ) /by nF g .
i . PYY{1}=(204+PYS(1))/4s oo ‘ e O
o CALL PLOT(PXX{1)sP¥Y{1)3s3]) ‘ PR L
R DC 915 J=2,25 ut .
. o : PXX{JI= (20, +PXQ{Jb) /by TR Lo .

PYY{J)=(20a+PYO{J})/ba R

- - 915  CONTINUE
: . . v G0 T0 900 ) K e =
' : . o 13 PXX(1}={204+PX10(1}}/4e s ;o .
: - B X . PYY(11=(20,+PYy10(11}/ba o S JEERE. o
- e L CALL PLOTIPXXI11sPYY(1)s3) : S o T |
o T L DO 916 J=2,3% Lo L ' Lo s -
: . PXX(JI=(20+4+PX1GIJ)) Fles W e A S
PYY(J3={20,+PYI0(J)3/be . v o v ’
CALL PLOTUPXX{J)sPYY(J)12) B . . . T -
) 216 CONTINUE 4 . B : * e
S GO TG 9GO R T B

v . N .J ' " 1, ’ S R4 _]_Q__.__EX.XJ_L!_LZMEX,]J_U_LLLE..__. = : - m‘ A 2 . ) o .
e 2 T R £ B PYY(L]=(200+PY1101)} /4s R - T
: LA o I CALL PLOTIPXXITIePYY1214%}) : : . B o . ,
3 : C ey DO 917 J=2,25 - SH : Co
: m RIS = L T
P O T PYY{J}=120e+PY11(J)) /b T
. . ’ IR -
v e, . '
+ < - N + - : . v
. K o ¢ N LR . ." "o - - ' i : EE '
! Ly . w ! ol 1 - - .
’ o ' I o’ o . ‘l ’
- " N : - [ "
N . L . : \ . ;
. .. 4 - v J B L - N -
T e . i B | o : .
e S ' ! e 1 e
ki Rl A s - ' f - ! o
. va - ' ; : : . :
i P k) b .- " o . 4
- E o ‘ ‘
x Sy P
] - i . '. . i
b ' . . " PR
- N Y t I
' i ) { + _ . * - - " -
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Lon

i%

CALL PLOTIPXX(JIaPYY(JIe2)
—9i¥  CONTINUE

GO TO 900
PXX{11=({20+PX12{11) /4,

PYY(1)={20.+PY12(1)} /4.

CALL PLOT({PXX(1haPYY (1193}

00 918 J=2.25
PXX(J12(20e+PX121J)) /b0

PYYLJ)I= (20« +PFYi24J)) /4

CALL PLOTIPXXtJ)sPYY(JPa2)

918

CONTINUE
GO TO G0

900
97

CALL PLOT{XXPTIL)aYYPT{I)s3)

CONTINUE

221

IFIZLIK)GE.L1.) GO TC 221

KX=XK
[FIKXsEQast)
IF(KXeGTa5)
M=M+1

GO TO 500 .
EX=XK ’
IFiKXeFQaed]l GO TO 235

GO TO 235
GO TO 500

‘4

IF{XKeGT et} GO TO 50U
XK=XK+l,

KKK=XK

QO TQ (50052154218) 9KKK

£ GENERATION OF A PRIMARY BABY <CELL

215

M=M=

222

R{121=RANDUIIX s I¥sYFL}
DTIME=50,*R{13}

IF(DTIMELTal52aAND4DTIMERGE 4 Q4]

IFIDTIME«LTat5 0 AND4DTIME«GE 235, )

IF(X1-DTIME)

223  WRITE(6+8599)

222+213,223

DTIME=10,

DTIME=30,

WRITE(6+232} DTIME

M = {
B0 226 L=1s12
IF(TIMEXIt )=¢{DTIME+G .3}

2262184218

226

233

CONTINUE
FORMAT(11Xs2HI=413}

RE&)=RANDULIXs IYsYFL)
PDST=160.+180,%#R{H}

POST=THETA(LI+POST

IF(POST4GES360s) POST=POST—360s

WRITE(6y241) POSTsDIST

POSTR=0.01745%P0ST

CALL REGIONIDISTSPOSTRsPT+10UADS

241 FORMAT(2X s SHPQST=4F 1042 93X s SHRIST=3F10.2)

W : . PT{1s1}3=PT(L+1511+PT{1s11)

214

WRITE(&+242)

GQ TO 220
IF(MaEQe0) GO TO 500

Lo . PT{1s23=PT{L+1+2}+PT{122)
. PT{Lsl)+PTi1s2)
242 FORMAT{92Xs8HPT (1 s]1)=sFlUs3+]13XsBHPT()s2)=sF 1043}

R{LGI=RANDULIX s IY2YFL)
XKK=1e0*R(18)

IFIXKKeLTaleS5aAND o XKK o GE e Qe

G0 TG 500
IF{XKKelLEulaUuANDaXKKsGEeCGe3) XK=XK+Ze

GO TQ 218
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T i € GENERATION OF A SECONDARY BABY CELL
- - K 213 M=M=1
e . TF(MeLToC1 GC TO 867 » )
R KXz XK 7 - - :",' .
R S IFIKXaEQe2) KA=KX+2 U T
o T IF(KXeEQaS) KXzKA=] - S
=0 T T KK=KX : e e T Lt
' ' [ - _ DTIME2=X] B P
e WRITE(65227) DTIME2 . e
o 227 FDRMAT[/THDT]MEZ:-FlO._EI R . Lo . o
St - i CALL NORMAL{EX15+STDX15sDIST25RsIX) T T
R RI21V=RANDUIIX+IYsYFL ) R L
D - POSTZ=90.4R{21) P T
LT DO 250 L=31,12 : ST L L
e A S ] IF(TIMEX{L}+5+=DTIME2T 250,251,251 o RS C :
v MU tL Lt 250 CONTINUE | - . g .
< o C SPLITTING OF CELL A )
. Lo : 251  POST2=THETAIL+POST2 : SETLRIR
T IF(POST2+GE4360.1 POSTZ=P0OST2-360. BT i
IS - : THE=THETA(L]
HES S WRITE(6+229) POST2,DIST2
. - F. = 9 =
POST2R=0401745%POST2
s CALL REGIONIDIST2+POST2RsPT,1.QUAD)
- o PTCLsl)=PT{L+1»1)+PT(1s1) : .
BERUAE PT(1+2)=PT(L+1423+PT(142) : - T
- . PL=PT(L+1s1) . ot L
’ PM=PT{L-+1,2] A " i
c - WRITE(65252) PT(1ls1)4PT(142) ' - ToLT
GO 70 220 -
Lo 235  DTIME3=DTIMEZ :
: WRITE(65236) DTIMER ‘ o SR
236  FORMAT(/THDTIME3=3F10e2) i
CALl NORMAL{EX1%.5TDX15)DIST3sRaIX} o . P
R(23)=RANDULIX»IY+YFL) ) : ‘
PQST3=—90,#R(23) o L
- } POST3=THE+POST3 e, . WL
. T JF(POST3) 237,238,238 LT e .
R . 237  POST3=P0ST3+360. [ SR
238  WRITE(6+239) POST3+DIST3 : T e LT, L
- 239  FORMATIZ2Xs6HPOST3=3F10e243Xs6HDIST3=4F1042) EERETE - .
- : POST3R=0.01745#P0573 o ‘
o CALL REGIONIDIST3+POSTIR2PT213GUAD) L .
) _ : PT{1s13=PI+PTr13s1]) . TR :
a o PT(1:21=PM+PT (142} . . v
: e WRITE(64242) PTE14114PT(142) e :
[ o XKEXK+2 o " ] )
T . GO TO 220 L R e -
o 867  MaM+2 L ‘
500  CONTINUE e
N CALL PLOT(174404s=3) e
. IF{MaGF a1y GO TO 499 ' o
oo WRITE16+850) IX . - o .
- S 498  CONTINUE o : S
Lr' : WRITE(61850) IX - - o - B
q;f < 850 FORMAT (/2X»3HIX=»]111} R e
, ; CALL PLOT(O0aus0e0s999) . . S
N - STQP . N
A END : . . .
L ~FOR21S TRANSF S Y
S C SCALING OF CELL BOUNDARY COORDINATES . o
S : ut FiRADIA b . . )
DIMENSION OMAJ(12)sDMINELI23+XPT(1T}sYPT(LT)2PTXI2534PTY (250, ~ : =
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Table C.1 (Continued).

LTHET(25) +PTXX (25515} sPTYY(254515)
THET(1)=0a
DO 10 J=1,25
PIX(J)=(DMAJ(L—=1)/2 ) %COS(THET (J})
PTY({J)={DMIN(L-1)/2« }%SINI(THET(J))
= * A - * ANY )+

PTYY(JoL)=(PTY(J)*COS(RADIAN)+PTX{J)*SINI(RADIAN) J+YPTI(L)
THET(J+1)1=THET(J)+15.%0.01745

10 CONTINUE

? RETURN
END

=FCRs» 15 POLYN

C DETERMINATION OF TEMPORAL VARIATION OF CELL SIZE AND CELL INTENSITY

B Tl PO F X

DIMENSION X112)sCOEF(2+6)sY¢t12),EPSI(3)+sR(9000)
SUMR=0,0
DO 1 I=1s12
RET)=RANDU(IXsIYsYFL)
SUMR=SUMR+R{ 1}

1 CONTINUE
EPSI(LX)=(SUMR=64)*COEF (LX»6)

= * +

1211 %X( L) +COEF(LXs LI+EPST (LX)
RETURN
END
~FORs1S TRANS
C DETERMINE RAINGAGE COORDINATES WITH RESPECT TO THE NEW REFERENCE
[ COORDINATES
SUBROUTINE TRANS(THETA+STATsPTsL+C)
— DIMENSION STAT(58s2)sPT(]15+2)sC(58+2)sA(2+2)+B(582)
Alls1)=COS{THETA)
All52)=-SIN(THETA)
AlZ2s1)=SINITHETA)
A(2+23=COSITHETA)
DO 5 1=1,58
DO 5 J=1s2
CllsJ)=0.0
DO 5 K=1s2
BUIsK)=STATI1sK)=PT(LsK)
L.} Cllad)=C(la J)+BIIaKINA{Ko.J)
RETURN
END
-FORs15 REGION
SUBROUTINF REGIONIRAD+THETASPT el +QUAD)
C DETERMINE INTERMEDIATE CELL CENTER COORDINATES
DIMENSION PT(1542])
P1=3.1415927
JF{THETAl Ea(PI1/20) 2 AND2THETAGT20a.0) GO TO 101
IF{THETAsLE«PI+ANDeTHETA«GTW(PI/240)) GO TO 102
IF{THETAsLEe(1e5%P] ) ANDsTHETA.GT«PI) GO TO 103
[F(THETAsLE«(2sU*P]) 2 ANDeTHETAWGTs(1e5%P1)) GO TO 104
101 QUAD=1,0
PT{L»1)=RAD*COS(THETA}
PT(L»2)=RAD*SIN(THETA}
GO TO 99
102 QUAD=2,.0
PT{Ls1)==RAD*¥COSIPI-THETA)
PT(L +2)1=RAD*SIN(P]I-THETA}
GO TO 99
103 QUAD=3,0
PT{Ls1)=~-RAD*COS(THETA-PI}
PT{Ls2)==RAD*SINITHETA-PE)
GO TO 99




Cet o 104 QUAD=4,0 . ]
R K ) PTiLs1}=RAD*CQS(THETA-24.0#P]) . - L c
¥ PTIL»21=RAD¥SINITHETA—-2.C*P1) ST coE
’ ) G0 TQ 99 T 1 . Co T
Do . 99 RETURN S .
Tar oy #* Nl END o . ) _ oy
NER —FORs15 RANDU S LoE o
C RANDOM NUMBER GEMERATION P e
FUNCTION RANCULIXsIYsYFL) ] : IR
. .. IY=[X#03125 R Lo o
. IFCLY) 23343 -
R b =[Y+ +
T ot 3 YFL=IY
' . [ BANDU=YF] #0u,2810RF—10
’ I IX=1Y
RETURN ) .
R o END . . ¥ - Y S
S . aw =FORsIS NORMAL oo
. J& " ,T ’-cmmuRmmmwmm ‘ - . R
: o, e '} : SUBROUTINE NORMAL (EXsSTDXsXsRs1X) Sk T e -
' : L - DOUBLE PRECISICN RI900Q) . IR
: - SUM=0.0 . ‘ e
DO 5 I=1,12 PR b R L
RULY=RANDU(IX, [Y3YFL) oy N
5 SUM=SUM+R (1) e B T i
X=STDX*(SUM=6.0)+EX . T CEE o
- RETURN . e S
‘ . - __END : AN Lo
. ) ) —FORsI5 MAXINT

SUBROUTINE MAXINT(XIsRsXMAXTsIX) N . '

. SUMR=040 . . . S
. - DO 1 {=1.12 R o S
l oL o RUL)=RANDU(IX,[YsYFL) :

SUMR®SUMR+R{]) - ’ . . o
e e 1 CONTINUE . : .
nr B L YI=—ep6776+e006B*X]+ {SUMR—64)} %4182 e Cae

n XMAXI=10.#%Y1+,065 B . L
. N RETURN Y -
) LT END Lt -

o o ~FQR, 15 NORM L . )
& LT _ C DETERMINE DEVIATION OF CELL DIRECTION FROM THE WIND . S

L _  OSUDROUTINE NORM(EXSTOXsTHETADsRefXeld =~ . .
| ) - L DOUBLE PRECISICN R{9000) c -
" - ) DIMENSION THETAR{12) T T .
e — 5UM=0e0 SRR L e
D o DO 5 J=]},12 Lo -
P oL R{JI=RANDUCIXs IY9YFL) . . . o '
: : 5 SUM=SUM+R{J)
RS THETAD (1 )=STDX*®(5UM=6401+EX
T RETURN

e . T .
' . END L T
. . - . . ,.
" * B . . [ B . . - -
. - S R
s - , L= L . 5
. .. A \ R 4 - hs '
. Yo . N ~ e :rr - - . . - v
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o Lo N . . z . R “‘. ".- |
E S . o T - : Table C.2. Portion of Program Output. - 2 ST ' -
E ’ STCRM NUMBER= 1
t : VELW= 10,39 MILES THETAW=217,65 DEGREE
- TOTAL CELL NUMBERz 9
E - NNz 2 . :
&k K ok F ¥ K K ¥ X &k £ £ F ¥ ¥ & £ ¥ k¥ k kK x 2 F F x & ¥ K & x & &k & k &k K h F ¥ ¥ g A kK K kx & F & - -
INDEPENDENT CELLE 1 i o
i ) RAD= 3.917 MILES ANGLE=  337.109 DEGREE Lo .
. B b= 1 3UAD= 4,00 PT{Lrld= 2.687 PTIL, 21 ~-1s134
. % ¥ £ % £ & % ¥ & k % % & ¥ &k kK x k % k kK % x & kK ¥ g K £ K k 4 X & £ X £k ® kB & ¥ k K &K F &k &k F & .
E‘ _ CELL DURATION= 30,00 MIN DMMIN= 5,00 MILE DMMAJS. 6.33 MILE XMAXIZ LU%  TNC/LD MIN : Tk
i L= 1 xi1i= 167 Yi{Iis 599 MIN(T)= 2.99% MILES
LX= 2 MEJTTI= 3,279 WILES
3 L= 2 MAXITYI= .140 INC/10 MIN
: -
E- Nz 17 DX(n)= 1,412 DY(NIE =.082 PTI(Nolmylz ,100 - R
é LXs 1 Xtpy=s 500 Y(I)= 7 MIN(I)= 4,735 MILES : o, A
F : ) LX= 2 MAJTYY= 6,332 MILES - - . -
A . b= 2 xMAx (1= szl TNC/10 MIN '
B N= 16 oX(n'=  -1,932 DY(nIE 1.709 PTI(NsL-g)= 100 DR
- ' ’ o =
Nz 17 XN = 1,088 NYINIE <904 PTI(NsL=1)x 300 . R . E;
' i - Nz 23 DX{n) = -1,009 DYtNI = ~1,304 PTI(NeL=1)= 4200
] .. - o
Lx= 1 Xxi1i= B33 y{1y= 537 MINCI) = 2.683 MILES R
. Lx= 2 MAJTII= 3.673 MILES - N
- ) Lx=__ 2 XMAXI(T) = 248 INC/10 MIN . : -
Nz -17 DX(ND = 1,511 DYINI= 1097 PTI(NsL=1}= 200 R
N= 23 Dx(N}z  -1,58% DY{NI= - 67 PTI(N,L=1)= 100 o
‘ DTIMES 17.00 MINUTES L ) E
S oo F ok E bk k &k %k 5 & £ F £ x ok &k kK ¥ kK B k £ k # ¢ X £ F k x %k %k &k x £ ¥ &k K Kk ¥ &k & ¥ &k &k ¥4 X * N ot - LT,
t o S T BTIRES 10,00 MINUTES e T O
P : o 1=_2 ' S oo
POSTS 26.65 0OIsT= 5,33 ‘ ‘ e CuTT
. PTiirl)= 64560 PT{ys2l= «809 AT - -
. t*i**'**tt**t*t#****t*tt**t**‘*t*tt*ll*it*tttttt!t . .- . . -
N CELL DURATION= 40,00 MIN DMMINZ 5.79 MILE DMMAJS 8493 MILE XMAXT=S .21 INC/LO MIN s o -
oo Lx= 1 xtn= .125 ¥in)= 567 MINIT) = 3,286 MILES « -
LX= 2 j MRJIIT= 3.B59 WILES Taw R
Lx=_ 3 XMAX(T)= .092 INC/10 MIN -
o Nz 20 Dx(n)= .323 DY(NI = 132 PTI{NsL=1)= +000 B :
E L Lx=_ 4 xtns 375 YiI1= <960 MIN(E)= 5,580 MILES T
’ X 2 WAJTII= B,567 MILES
Lx= 3 XMAX(T)= +185 INC/10 MIN
N Nz 16 DX{N) = 1,687 DYINIS -, 064 PTI{N)L=1)z .100
AT ‘ ) _— - .
e L - ) ‘Vl' A‘: . . _‘_;-'. b . _ -
. ) ) ’ t - ?' o~ - _




3 LI I
. - - - -
: . - L. - S
v % . S Table C.2 (Continued) ' P s o
S, T S _ _ v ST s
- S - Y . E . .. . iy
T N= 24 AL —1.17% GYINT® PY-I} — § 1 1] B E- JI00
-t Xz 1 X(II= .625 Y= N:EE] MINTITS T, 765 MILES
[ - L= Pl MAJ{I)E 8,645 MILES
o LX= 3 XORXTIT= «1a5 INC/1U RIN
LT N= 16 DXINIE - 228 BTN IT% FTITNL=17E STOT—
T - R 17 DXINT= z.7 T . tL=1TS L
) N= 2% BR{NT= 688 BYTNTE —=1.B47 PTI(RL=17= U0
to N= 2% DXTNTE  =2,482 BYTRI= 3 PTITRTL=1TE SOUT—
Lx= t X{1)= ,875 Y{1)= Y MIN(TI= 2.728 NILES
o Lx= 2 MAJCTIZ 3.815 MILES
. IX= 3 YMAX{TI= <097 INC/10 WIN
) N= 16 OX(NT= 1,130 DY =

-.1EE4444444444444TITN4t4IT44*ﬁ*4‘__UUH““__""_'4‘___

E % K bk ok B K ¥ k 5 ok x ¥ & ¥ & k Kk % % Kk g ox ¥ Kk ok ¥ & ¥ & & ¥k *x x kK % ¥ k ¥ & ¥ x k x & & ¥ ¥ &

. INDEPENOENT ¢ELLz 2

RAD= 8.230

MILES

ANG

LE=

Az2.343 DEGREE

! L=z 1

QUAD=

1,0

0

PTiLr13= 1,092

PTTL»21= B.157

ok Kk b k & k& & &k k x £ & ¥ & £ £ x & X ¥ ¥ g x &k ¥ x F K X g ok K &k k k ok ¥ kA K E® gk kg kX R

3
20,00 MINUTES

. CELL DURATIONS 30,00 MIN DMMIN= 3.30 MILE MAJE G5 X H .
. Lx= 1 X(11= +167 YU = 2508 MINTIT= Z2.063 MILES
- Lx= 2 MAJ(I)= 3,450 MILES
LX= 3 XMEY (Y= .14% INC/I0 WIN
B N= 41 SXTNIZ =433 DYINT= =308 PTIINF =17 = ST00—
- Lx= 1 X{1)= . 500 Y{1¥= 1.004 MINTIT= 3,395 WMILES
- LX= 2 MAJIT)= 6,450 MILES
: Lx= 3 XMAxim= .280 INC/710 MIN
N= 32 DX(NT= 2,729 DY(NI= 137 PTIIN,L=1¥= L100
. N= &1 BAINT= -.478 BYINI= 232 FTITN,L=11= 10
e WER! X(1i= B33 Y{TI= 502 MR = T.705 WILES
Lo LX= 2 MAJ{T)= 3.627 MILES
T LX= XMAXTTI=: »159  INC710 MIN

i £ & X £ % % ¥ K ¥ £ x kK £ ¥ & 5 x & & & K k g k& & & & ¥ K X 5 & * X & ¥ & ¥ ¥ & ¥ € &k kK & ¥ & &K X &

v DTIMES au.gn MINUTES
. POST= 201,31  DIgT=z 5,62
: » PT(lr1)= »5.381 PTT121= §.972
R ) Rk K g ok & K K K £ k ¥ B R & X £ K kK R K % ok % B K kK KX g kKA kR Rk R EE kR kSR
X CELL DURATION= 40,00 WMIN DHMINS  &,67 MILE - . 1 = .
= Ix= 1 X{1i= T125 YiIi= -1 MINTII= 2445 MILES
- LX= 2 Mag(I)= 3,586 MILES

"t

€
1‘-.
%
,a

T9T1



- - _ TN . .
. ' o‘.‘- N -. . P
5 PN - . ) . R . B
y - - . .a . - . . L -
B 7 . ) . : v I 7 - - )
E . . T * Table C.2 (Concluded). " - : -
- .- .
H ) LXs 3 . : XMAX(1)= «149 INC/10 MIN _ o ’ I
E- ' T N 30 X = -,580 DYINI= 2941 PTL(N)Lay)= ,100 e T
E:,_ i . - 3 LXs 1 = .375 Yirs= 9210 MIN{I)2 4.252 MILES
l Vo e L= 2 LLNIS S ] E.672 MILES o T
- o Lx= 3 XMAX(TI= +332  INC/10 MIN . ST
R 4 N=_ 29 XN = 1.648 DY OIS .951 PTI(NsL=113 100 S
: S Nz 30 DX(MIT  -1,026 DY ()= -,322 PTI(NsL=1)= »200 N R ’
L -1 5o ;
- o e Nz 31 oXewl=  -2,361 ny(n1= 297 PTL{NsL=-1)= 100 *
L= : Nz 35 oX(Nl = -1,496 DY(NIZ 1,190 PTI(NsL=1)z .100 e
VR T Nz _ 36 Oxinl= -, 004 DY(NI=  ~1.815 PTTiNsL=1]x 100 ' ' )
. Lx= L x(1)= 625 Yins .B22 MIN(I)= 3,837 MILES LT e ;
K Tez 2 MAJTII= £.850 WILES C g : 2
. Li= 3 XMAX(1)= «321  INC/10 MIN E Sl
Lot A T R : - - . ‘
2 SR NE 29 oxnl= 1,364 DY (3= 1,326 * PTIL{NsLa1)z 100 - oo
D T . - -
o Nz 30 XN}z -.915 BYtNI= -4 564 PTI(NsL=1)2 ,200 - i .
- . E p . -
. Nz 31 OX(N)= -2,361 YN = =-.292 PTI(NeL=-112 2100 LT w0 Lo
&N ) ‘Nz 35 OX(NI= 1,085 DY(N)=  =1.811 PTI(NeL-1)= 000 S _ ) %
e Nz 36 X IN) = Q41 DY(NIZ  =1,760 PTI(N,L=1)= »100 e T
FE TR g Lxz 1 Al1)= 875 y(I)s= 464 MIN(I)= 2,159 MILES . s .
P A S Lx= 2 FEJTYT= 3.B62 WILES : CoE T
L LX= 3 XMAX(1)= 150 INC/10 MIN : : s o .-
- ’ * & K ¥ K k ¥ ¥ &k Kk ¥ & k ¥ k ¥ k k k¥ & % £ x & ¥ ¥ ¢ ¥ *x F ¥k &£ ¥ k¥ x ¥ k¥ ¥ x &£ ¥ K x ¥ & X x ¥ * F - . i
CTIME= 10,00 MINUTES ; -
! 3:" o ) NN= 2 . | -
P * % % K K %k Kk F % x % £ F k * ¥ & ¥ ¥ k¥ ® x % % X 5 & ¥ F & k¥ F K % F % F K K kK F x & & ¥ 4 4 ¥ X . R .
) I # . INDEPENDENT EELL= 1 . s , -
3 L Lo el . - : -
T o TRAD= 9,936 MILES  ANGLET  15T.7F  DEGREE e ; : .
P : o Lz 1 BUADZ 2,00 PT{Lrll=z -8,744 PTiLr2)3 4,598 T e o : ]
P- ' \ kK % k£ & K Xk k KK F R Fxxxd kE Ex k£ XEFF N g T F2T TR ELTTA - ’ . . r
L c ‘ CELL DURATIONS 80.80 MIN DMMIN= 2,50 WILE DMMAJE  4.35 MILE XMAXTS 1,18 INC/L0 MIN Vo
L '

.

. t
x
»

e

1
1
.
'
1]
. v
(8
'
'




163

o
o

n0o-g

w E
E o
~ e =
= o L} L] [ 1
2 |z gl © =
=1
_mw z ol o
m o = =
7 i
= 3 |
] = b
o = =
- o =
= = & - ig
W a -
o z \(I 2. %9 da
m .h_- \|llﬁ1ﬂnl/‘ =a
w 1 i / LT
N )
= et & ze @n
HERR-
z / N le ag
.Mﬂ de N 2 e e
H// - cmu. -
NIk /
q e 2] a3 - B
0o 00~ 41 degnMnuH 00¥ 00" 00 #- 0o-4- po-zl ho-a1-  po-od
¥ LONTOND-X | 2% *p
o - &
2o | %o | 2oL 5 F9gx e
« i I
Fe 2% #p P A%% yaw .
o8| 38 i .
R 1] *p ] - =4
0% 29 = |8
Q/.Mn f =
=
a
[=)
&
o~
T
[=]
s
w
1

-p0.0Q

Calcomp Plotter Output.

Figure C.1.




BT

164

INPUTS ‘
Initial Random Number
Polynomial Coefficients

. }Mean and Std., Deviations of
» | Density Functions Raingage

and Wind Direction

¥

Generate Total Numben
of Cell "M"

Y
fGenerate Time

"CTIME"

.ff; ¥ Coordinates
.« | Generate Wind Speed i

Generate the Number of
Independent Cells "NN"

T

Plot Raingage Locations

1s es
> NN M=M-NN

i
No
.
e :
T ! e
- N LR o
I S v :
x , .
. OO IS
e TR "
N '
. Fet
.
IR
e !
) " ."‘—‘... . . cw
.y s oL . e I
. N . = \'1‘; L e ey
o e RN
P N
. g ] s ':’f -
: __4{1 I
Py
'
N -

v
3
-
-
.t k4
e
e i
. . M
i -, e . ° a
R LN
- avd ¥
5 e
¥t .
e Ll :
a P
"
" -~
- - A

I

"y
[
T4
iE

g

Set TIME=5.0 min and
ute K=X1/10

Figure C.2 Detail Flow Chart

-

-




165

Generate "THETA?"
from the Wind

ZL(I)=2L(I-1)

| .
T— -
Generate (DMIN)i,(DMAJ)i,(XMAX)i
¥
Generate "VELD"
v
enerate "THETAD" from the
revious Cell Direction

i
betermine the Location of Celﬂ
!
'ransform the Cell Boundary «.
nd Raingage Coordinates

N=1

1
A

3

1s
ny Raingage No f—
ithin the Cell
Boundary

Yes
Find PTI

Y

ZL(I)=7ZL(I)+

15
o N+

Ye

I5 .
the Location of iq:::>

nell withinthe
Target Area
~§YTS

| TIME=TIME 4 10 —{ &)

4

Figure C.2 (Continued)




II=TT+1

TT=II+1 |

9

166

Determine the 1lo
cation of the

Primary or Secon-
dary Baby Cell

b

B II=II+ M=M+
pey-plot celll, @ Noe 1\ 54
Isohyets o
)S
e
18 o
Y
>4
o Generate
1=Lltd, DISTS, POSTS
Y
Generate v K=XK+2
0LXKKL1
L5
Z5
XK=XK +2—-P-'\4=M-1
enerate "DTIME'
II=I _@

Generate

(DIST2), (POS;JTE::>

Figure C.2

(Continued)




. . : .
. 7 * N e -
' i : . N . . . :
1 I .

IR ST ) ﬂ.,,f-'- -F'-v"o - I o




168

Tabulation of the highest historical maximum accumulated

rainfalls at the maximum-rainfall gages

Table D.1.

Duration(min.)
5 15 25 35 45 55 65 75

Total Ace.

n

Rainfall

—

Lo B B B

—

.« -

NN N M AN S NN~ NN

—

-

P
o

=

- 1
.
' e
WL - '
= A
A y
. oo £ .
et
- A v
o Tl
- S avr
- . s =
. o 5-
sl
) o
ET. R =
b
% e
- o
T
.o -
. ;
LN
o
Le <.
N "
- i
- * —_ T
> » ~ bl
N T

~ o~ - — —

o e e s P
NN HANAH NN

NN A NN A A A —




5.
-
.
+ .
+ i
E
[ ool SEY N
&g :
Lt ]
R
e
P
s -
.
A
N
g
A=t
Y . ~
£
p r
m -
i .
L3 o N
-
-t
e
. .
. Y-
-
7 Lo
—= + g
- . s 3
- e -
k& : R .
& 'm?.. R
. g
-~ -
- - s
. . L.
i .
e P
(IR
ar e -
K -
P -
v oa - . -
I
e
FREET

e

Duration (min. )
5 15 25 35 45 55 65 75

Total Acc.
Rainfall

L

NN AN

N OO Nt A A AN

~N o~
. « s

SFONN AN SN N Y
P T

NN AN AN

SERNES

~ —~

.

— ™

~ _r.__
b= R s |

H N A AN A NN N AN

¢« - -

| oMo
Lo B B B B B B B B B B |

N -FM NN N M



- 170

Duration{(min.)
5 15 25 35 45 55 65 75

Total Acc.
Rainfall

e
T
o
- . ‘...f
- ) N
X ) %
LA o
' o =
: Iy
B R
r ]
L B ! .
S S
. a3 ..
R o
SR 1
. i
% L
b - . —
z L = .
i
i - i I
¥ L
S N N
* it . !
5: -
(] i {
- L

o - RN
manaT e RN
QAR T
amaaenan Ty e
maaanaadnasaaan

N
LR S
L TR L R
L
RIS
AT
- T e
R -
- . I
! - R
CLE "2
S . .
' - -
) o .
.- ' - 3]
. ~ ok “u
< v “.
T :
L R
- s
- Ea
“ .
- . “
DR T 4
, RN
- F e R
s
Rl - e il
- “ L
. « o ST

o K >

L R R R
e R R B B R O R
32225624611._29._
N T NN NN T

NN A A A NA A N

— . — - o
— — o -
o B —

—~ ~ (o B — —
11 . - 1 - LI A |

H A AN A =N 113...4_
STMOOYWOY ST M A~ 3 N

.3 .4 .1 .1

oA A AN AN O NN

1.0

-
e N .
- N .
- i .
. - « i
- - )
. .l ,
~ . g B
» R -~ o
: -t - - la
o’ . . e E
. . o .
. - ) e e
. v T B R AT
il . P . -
. . [ Ty ‘
N = - <
> B
v 3
Fa .
a
N : :
o ; \4|.
% - e i FE
. - 3 -
- - - - - — -
. a. R T
- T K L
2 KN L N
N o - H -
e *, - - 7
! £ = ~ )
L




Duration{min.)

Ta]
=
Te)
WO
Tal
[T ]
[Ty ]
~F
LN
(32}
Y
[}
[Tal
—l
Ly

Total Acec.
Rainfall

i
5
o M.—, o
» ...‘...
. o e
3 bt i
o T
. .
.t. . 1
¥ a e
P )
o —
- . — ;o
s
P
~NoH
-om - -
Fam ~~
- s a
. oo )
=l =)
Heled NHN N A
. s = P [ o T B )
~ D
= T BN I T N S R
. - - - - - - . - a S -

-~ - Oounmooe LT Mmoo

oM N A A A A A A NN

1.1

.2

1
.1
1
2

<0 g
R A B B R R
QU e e
B R NG L S
s ML DL BT
s LRL L EL L L L

1.2

— o g

3

-

— —

M
K
£
.
- s
- +
.- )
S
x= .
RN
e o .
;
O
< .
1
¥ |
- 1. ’
R
: .i.. -
P

— o~
WO

e |
. s e

[ S I T a W ap

o~

1.3

A

(110 min).1 .3 .1 .1

— — &N
—~ = N
o N

0 0
[

— —

~F — o
R W Ty

Fali- it

Lo o B o B o B o Y
L A

1 -



172

Duration{min.)
5 15 25 35 45 55 65 75

Total Acec.

Rainfall

.5 .1

2.7

1.5

o
-
%

~

—

1 111
—

N e N~ H N

- B e s a2 s
28}

[Fa BN B S i Ta IS g o

WO AW O o0 T

NN N WO
. .

.1

.1 (240 min).1 .5 (60 min)

1 -
2.2
70 min).1 .1 .1 .2 .1 .,

1,

4
.1

|
—

oy~

4
e
)
. —
ECE I N
L e
e
1 .
P —
e
— &
e e

e NN ST o
Ll X e I T R
o O T o~

L B B B B B

1.6

.3 .2 .1 *
2 .1
2

6
.1
1

1.7

B B §

.2 .3 .4 .3 .2.1.1

1.8

she il
SRR Aty
e
Heane

NN NN
. s 5 e .

.
T
—
' —
o~
o~
; —
Sl » _
r » e
- |
~t I
> - —
.- =1
™ - ..n_._

~~
— oMo
OO N |
(=
™ -t o™ L
P Y o S
-~ Ty

~ ~
. .

~
o~
0
o
©

~ —~

.2 .8 .3 .3 .2 .2

1.3 .2

1
.3.1.1.1



173

Duration(min.)
3 1525 35 45 55 65 75

Total Acc.

Rainfall

1 my gy
g oL
he by
of %
he e

o

2:1

—~
.
~
.
~
.
@
~r
.
32}

—

252

g
s
B
=
~r
.I-_l
.I._l
e
o
~ o

—

2 2 w3 W2 Wl

.1 (130 mi

7 .4
3 -
= =

2
«3
1

2.3

i
i
o™

®

i

=i ik

A -

o3 o3 J1=.3 .2 .2 .1 .1 (140 min)

2.4

Tk
i
T N
B
7”0

N~

2.5

Fy o
il
Wi
k]
oy hesin
" ool oy
sules Ul

Nr=MMm MO

2.6

P B 5

‘3

X 23 od

2.7

~ N
. 1
8
T
rnm_.D
O ~
o

™~ N

3.0

P EPEC Ry s 1 |

3.1

2 %4 -

3.2

NN
o b
o ™~
g

L2g o

3.3

ol wdi 2 930l 2L W2 sh ]

o7 2
0 S TP T I TP ER |

b

3.5

il A i) B - ke

ll -4 .1_

1

ol o sl w8 R oL W3-

3.6

s
c..ul
-.u..3
R
P
o

o N

3.7



(1

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

174

REFERENCES

Ackerman, W.C., "Systematic Study and Development of Long Range
Programs of Urban Water Resources Research', A Study by the Am.
Soc. Civil Eng., New York, 1968.

Amorocho, J., "The Effects of Density of Recording Rain Gauge
Network on the Description of Precip. Patterns', Paper presented
at TUGC Meeting, Berne, 1967.

Amorocho, J., and Morgan, D., "Convective Storm Field Simulation
for Distributed Catchment Models', Paper presented for Interna-
tional Symposium on Math. Models in Hydrology, July 26-31, 1971.

Battan, L.J., "Radar Meteorology'", The University of Chicago
Press, Chapter 10 and 11, 1959.

Battan, L.J., "Duration of Convective Radar Cloud Units', The
Bulletin of Amer. Meteorological Soc., Vol. 34, 1953, pp. 227-228.

Benjamin, J.R., and Cornell, C.A., "Probability, Statistics, and
Decision for Civil Engineers', McGraw Hill Company, 1970.

Blackmer, R.H., "The Lifetime of Small Precipitation Echoes",
Proceedings of the 5th Weather Radar Cong., pp. 103-108.

Braham, R.R., Jr., "The Water and Energy Budgets of the Thunder-
storm and Their Relation to Thunderstorm Development', Journal of

- Meteorology, Vol. 9, No. 4, 1952, pp. 227.

Brancato, G.N., "'The Meteorological Behavior and Characteristics
of Thunderstorms'", U.S. Weather Bureau, Hydrometeorological Section,
Washington, D.C., 1942.

Brooks, H.B., "A Summary of Some Radar Observations', The Bulletin
of Amer. Meteorological Soc., Vol. 27, No. 10, 1946, pp. 557.

Browne, I1.C., Palmer, H.P., and Wormell, T.W., '"The Physics of
Raincloud", Quar, Journal of Royal Meteorological Soc., Vol. 80,
No. 345, 1954,

Byers, H.R., Braham, R.R.,Jr., "The Thunderstorm", U.S. Weather
Burean, Government Printing Office, Washington, D.C., 1949, pp. 287.

Byers, H.R., and Colloborators, '"The Use of Radar in Determining
the Amount of Rain Falling Over a Small Area', Transactions of
American Geophysical Union, Vol. 29, No. 2, 1948, pp. 187-196.




175

(14) Byers, H.R., and Braham, R.R.,Jr., "The Thunderstorm Structure and
Circulation", Journal of Meteorology, Vol. 5, No. 3, 1948, pp. 71-86.

(15) Byers, H.R., "Thunderstorms", Compedium of Meteorology, T.F. Malone,
Editor, 1951, pp. 681-693,

(16) Changnor, S.A.,Jr., and Wilaon, J.W., "Heay Rain, Hail, and Tor-
nadoes on 15 May 1968", Illinois State Water Survey, Urbana, Report
of Investigation 66, 1971.

a7 Chandrashekhar Aiya, S.V., Sonde, B.S., "Number of Cells Developed
During the Life Time of a Thunderstorm', Nature, Vol. 200, No. 4906,
Nov. 1963, pp. 562-563.

(18) Charba, Jens., and Sasaki, Yoshikosu, '"Structure and Movement of
Severe Thunderstorm of 3 April 1964, as Revealed from Radar and
Surface Mesonetwork Data Analysis", ERLTM-NSSL-41, 1968.

(19) Clark, R.A., "A Study of Convective Precipitation as Revealed by
Radar Observation'", Journal of Meteorology, Vol. 17, pp. 415.

(20) Court, A., "Area-depth Rainfall Formulas', Journal Geophys.,
Res 66:6 1961, pp. 1823-1831.

(21) Eagleson, P.S., '"Dynamic Hydrology'", McGraw Hill, 1970.

(22) Eagleson, P.S., '"Modelling Surface Runoff in Urban Hydrology',
Memo to OWRR Methods of Analysis Committee, 1968.

(23) Fankhauser, J.C., "On the Motion and Predictability of Convective
Systems as Related to the Upper Winds in Case of Small Turning
of Wind with Height", NSSP Report, No. 21, Washington, D.C., 1964.

(24) Fiering, Myron B., "Streamflow Synthesis', Harvard University Press,
Cambridge, Massachusetts, 1967.

(25) Franz, D.D., "Hourly Rainfall Synthesis for a Network of Statioms",
Tech. Report, No. 126, Dept. of C.E., Stanford Univ., March 1970.

(26) Gordon, Geoffrey, "System Simulation', Prentice-Hall, Inc., Englewood
Cliffs, New Jersey, 1969.

(27) Grace, R.A., and Eagleson, P.S., "The Synthesis of Short-Time-
Increment Rainfall Sequences', Report No. 91, Hydrodynamics Laboratory,
M.I.T., May 1966.

(28) Grayman, W.M., and Eagleson, P.S., "Evaluation of Radar and
Raingage Systems for Flood Forecasting'', Report NO, 138, R.M.
Parsons Laboratory for Water Resources and Hydrodynamics, M.I.T.,
August 1971.




(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

176

Harington, E.L., "Observations on the Appearance and Growth of
Tropical Cumuli", Journal of Meteorology, Vol. 15, 1959, pp. 127-130.

Herschfield, D.M., "Agricultural Research Service Precipitation
Facilities and Related Studies", Chapter 8, ARS 41-176, June 1971,
pPp. 21-24.

Hilst, G.R., and MacDowell, G.P., "Radar Measurements of the
Initial Growth of Thunderstorm Precipitation Cells", Bulletin of
Americal Meteorological Society, Vol. 31, No. 3, March 1950,

PP. 95-99.

Huff, F. A., "Time Distribution of Rainfall in Heavy Storms',
Water Resources Research, 3(4), 1967, pp. 1007-1019.

Huff, F. A., "Spatial Distribution of Heavy Storm Rainfalls in
Il1linois", Water Resources Research, 4(1), 1968, pp. 47-54.

Imai, I., Suzuki, E., et al., '"Statistical Properties of Rainfall and
the Radiowave Attenuation Due to Rain'", Journal of Meteorological
Research (Kishocho Kenkyu Jiho), Tokyo, 10(3) 137-166 March 1964.
English Summary pp. 137-139.

Jens, S. W., and Jones, D. E., Jr., '"Water and Metropolitan Man'"',
An Engineering Foundation Research Conference, co-sponsored by
ASCE Urban Hydrology Research Council, 1969.

Ligda, M. G. H., "The Horizontal Motion of Small Precipitation Areas
Observed by Radar'", Technical Report 21, M.I.T., Cambridge, 1953,
pp. 60.

Martin, F. F., "Computer Modeling and Simulation', John Wiley and
Sons, Inc., 1968.

Mather, J.R., "An Investigation of the Dimensions of Precipitation
Echos by Radar', The Bulletin of Am. Meteorological Soc., Vol. 30,
No. 8, 1949, pp. 271-277.

McPherson, M.B., "A Basic Information Need in Urban Hydrology',
A study made by ASCE, sponsored by Geological Survey, April 1969.

Naylor, T.H., Balintfy, J.L., Burdick", D.S., Chu, K., "Computer
Simulation Techniques'", John Wiley and Sons, Inc., 1968.

Newton, C.W., and Fankhauser, J.C., "Movement and Development
Patterns of Convective Storms and Forecasting the Probability of
Storm Passage at a Given Location'", NSSP Report No. 22, Washington,
D.C., 1964.




L1}

(42) Osborn, H.B., and Lane, L.D., "Stochastic Models of Spatial and
Temporal Distribution of Thunderstorm Rainfall", The Symposium on
Statistical Hydrology, Tucson, Arizona, August 31-September 2, 1971.

(43) Pattison, A., "Synthesis of Hourly Rainfall Data', Tech. Report
No. 40, Dept. of C.E., Stanford Univ., 1964,

(44) Personal Communication with Meteorologists at the U.S. Weather
Bureau in Atlanta, 1971.

(45) Rosenblueth, A., and Wiener, N., "The Role of Models in Science",
Philosophy of Science, XII, No. 4, 1945, 316-321.

(46) Satyam, M., "Cyclic Variation of the Rate of Flashing in Thunder-
storms', Journal of Atmos. Sci 19, 346, 1962.

47 Scott, H.A., "Types of Heavy Rain-Producing Storms in Georgia',
Monthly Weather Review, 61, 299, 1933.

(48) Shubik, Martin, "Simulation of the Industry and the Firm'", American
Economic Review, L., No. 5, 1960, 908-919.

(49) Thomasell, A.,Jr., "Rainfall Variability for Urban Drainage
Problems'", Travelers Research Corporation, Proposal on Urban
Drainage Problem to OWRR, 1968.

(50) U.S. Weather Bureau, '"Thunderstorm Rainfall', Hydrometeorological
Report 5, 1947, pp. 262-263.

(51) Wexler, R., "Radar Echoes from a Growing Thunderstorm', Journal
of Meteorology, Vol. 10, No. 4, 1953, pp. 285-290.

(52) Wexler, R., and Atlas, D., "Precipitation Generating Cell", Journal
of Meteorology, Vol. 16, 1959, pp. 327-332.

(53) Workman, E.J., Holzer, R.E., and Pelsor, G.T., '"The Electrical
Structure of Thunderstorm', NACA Technical Note, No. 864, Washington,
D.C., 1942, pp. 26.

(54) Workman, E.J., and Reynolds, S.E., "Electrical Activity as Related
to Thunderstorm Cell Growth'", The Bulleton of Am Meteorological
Soc., Vol. 30, 1949, pp. 1l42-144,

(55) Yevjevich, Vujica, "Probability and Statistics in Hydrology",
Water Resources Publications, Fort Collins, Colorado, 1972.




e U-i o ,.- ; 7.‘,-178

T S VITA ™ .

e A

_M,-:;rUnal Ali Sorman was?béfn ég.May 31; i943, in:Ankar;, T;rkey.
Elementary, junior high school and high school education was received S
in Ankara. The author received a B.S. in Civil Engineering at the Middle
East Technical University (M.E.T,U.), Ankara, Turkey, in June, 1965.
In 1966, he graduated with a M.S. degree in Civil Engineering from M.E.T.U.
After graduation, the author entered the University as an Assistant |
and, one year later was promoted to the position of Instructor. Duriﬁg his
two year teaching career from 1966 to 1968, he was enrolled in a Ph.D.
program at the Middle East Technical University. | E e

During the period from September 1966 to Novemﬁer 1966; he ,‘;ii ?iilﬂ
attended two symposiums. The first one was held in Bursa, Turkey on
Agricultural Development, sponsored by UNESCO, and the second one was on
Hydrology and Ground Water, sponscred by CENTO in Baghdad, Iraq. From
April 1968 to August 1968, he was enrolled in the International Port-
Graduate Course on Hydrologic Data for Water Resources Planning, sponsored

by UNESCO, in Prague, Czechoslovakia.

From the Fall quarter of 1968 through the summer quarter of 1972

#

the author was a Ph.D. candidate and Graduate Research Assistant in the
School of Civil Engineering, Georgia Institute of Technology.

Professional organizations in which the author is currently a member
of include the American Society of Civil Engineers, and the American

Geophysical Union. - L T




The author will go back to the Middle East Tecﬁnical University, ' _

from which he is currently on leave, to continue his academic career in .
the School of Civil Engineering . _ ‘
- : . . ) ¢ ) :;~; e
rogh o
v v - :
e y i ' n
2T -
5 = E ) . ,
FH ' -, . .
! . i ‘
. i o
4 . ' -
. - ! e
Ll -':r. . .
T B o . [} r .
u . o , E 'y !
: o LI, - -1 -
- s‘" N N ' k2l " " Ve i . ) '
“ ! -
' .. ; \ (S -
ey " i L 3
h i ' v ~ '
b R t ’ .
i P : ) "' "y .
‘ g St
'. i
’ T, K ‘-“‘ ' g N R
Lo . . . ' -
N . ']
PEE ' N v
L - “+-, . ;
A . . ot ' SR
. ' ,n.,‘. . e
: < = S '
. 1 N :
s T 4 :
ET 3 . ! -
J = - o
. - b IS (
J:Q{s,‘ ‘ 1 i
. L o 4
N i .
e N
~ -
. T d T
<x e v "



