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I INTRODUCTION 

The ever increasing volume of aviation operations requires 

nearly continual observations of sky cover, cloud base, vjsibility, 

etc., and to meet this need the development of an automated system 

for aviation-related weather measurements is required. Such a 

system has the potential advantage of making, recording, and com­

municating objective observations frequently and reliably, and 

would be valuable for general meteorological applications as well. 

It would replace the present system"of visual observations of sky 

cover and interpretation of ceilometer readings, which depend 

heavily on the judgment and work load of human observers. While 

an automatic system would overcome these problems, the ,design of 

such a system is difficult because of the complexity of the rela­

tions between the atmospheric phenomena, the instrument responses, 

and the desired sky-state description. 

The objective of the research described in this report was to 

provide a theoretical approach for designing an automatic system 

for describing the state of the sky--i.e., the amounts, kinds, 

directions of movement, and heights of all clouds. The approach 

taken was to develop a statistical cloud model that incorporates 

the most significant cloud characteristics, with particular 

emphasis on those characteristics that influence aircraft operations 

and ceilometer responses. This model describes the state of the 

sky in terms of cloud distributions as characterized by a number 

of cloud statistics, such as mean base height, mean length, etc. 
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An instrument model was also developed that allows the calculation 

of the responses of the three most commonly used ceilometers-­

fixed-beam
J 

rotating-beam
) 

and radar. The equations for this cal­

culation are based on the basic physical principles governing the 

instruments. 

This cloud/instrument model could
) 

in principle
) 

be used in 

the analysis of a proposed automatic system. However
J 

it was 

primarily developed for computer simulation studies
) 

in which a 

proposed automatic system could be tested and evaluated under a 

wide variety of simulated atmospheric conditions. To this end
J 

the model was implemented as a digital computer program that 

generates layers of simulated clouds and calculates the resulting 

responses of a system of simulated instruments. This report de­

scribes the model and the simulation program
J 

and gives the program 

documentation
J 

including listings
) 

flow charts
) 

and user 

instructions. 

II THE CLOUD MODEL 

A. Types of Cloud Cover and Associated Hydrometeors-­

Qualitative Characteristics 

Cloud cover in the atmosphere is composed of such a 

broad spectrum of distributions of condensed water vapor that it 

is not feasible to simulate all of the conditions that can arise. 

As a first approach to the simulation of cloud cover of primary 

concern to airport operations
J 

the following basic conditions are 

postulated: 
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(1) A single dense, infinite layer with either 

a uniform base or an irregular base. Virga, 

drizzle, rain, or snow may be falling from 

the layer. 

(2) Multiple thin sheets with either uniform 

or irregular bases, with or without 

precipitation. 

(3) A single layer of ragged patches of clouds 

with either uniform or irregular bases, 

with or without precipitation. 

(4) Multiple layers of ragged patches of clouds 

with either uniform or irregular bases, with 

or without precipitation. 

These conditions, sketched in Figure 1, are admittedly 

simple, but by combining various portions of each it is possible 

to approximate many types of actual cloud distributions. To de­

scribe these conditions more precisely, we need to know the dis­

tributions for such parameters as height, thickness, size, 

density, and precipitation rate. Not all of the desired informa­

tion is readily available, and it is difficult to give a succinct 

summary of complicated phenomena. Without attempting to be 

definitive, we shall record some general observations that have 

guided the development of the computer model. 

3 



SMOOTH BASE IRREGULAR BASE 

f� 1 --� t'{:.'tflij J :�w:¾,:(:,}l 4 ii ,�!¢1 -·- ,.�i .. . ..,., .,. ,_., 
1. VIRGA 3. LIGHT RAIN or SNOW 

2. DRIZZLE 4. HEAVY RAIN or SNOW 

(al DENSE SHEETS 

SMOOTH BASE IRREGULAR BASE 

-·--
• ····:.:,:-:-:-:.;.:❖� 

·-•-•,•-·-·::3::········· 

(bl 

UNIFORM BASES 

�6341. 

(cl SINGLE LAYER OF RAGGED PATCHES 

UNIFORM BASES 

�sP� 
(di MULTi,LE LAYER OF RAGGED PATCHES 

TA-7935-13 

FIGURE 1 BASIC CLOUD-COVER PATTERNS 

4 



B. Types of Cloud Cover and Associated Hydrometeors--

Quantitative Characteristics 

1. Single-Cloud Data 

a. Size Distribution 

Areas of the base of cloud elements probably 

range in size from a few thousand square feet to many square miles. 

For simulation, a maximum area of 500 square miles might be 

realistic. Several studies of clouds and radar echoes have shown 

that size distribution is approximately exponential, with smaller 

clouds greatly outnumbering larger ones. For example, in a study

* 

of Florida Cumulus, Plank (1969) found that over the observed 

size range the number of clouds of various sizes could be specified 

-°c}Dapproximately by the distribution function n = K e  , where n 

is the number density of clouds per unit surface area, D is the 

t
equivalent cloud diameter, and K and a are parameters of the

d 

distribution. Plank compared his Florida data with data derived 

by Blackmer and Serebreny (1962) from U-2 photographs made on 

cross-country flights and found a comparable distribution. Dennis 

and Fernald (1963) studied the frequency distributions of shower 

radii (average of semimajor and semiminor areas for elliptical 

shower areas) as shown by radar and found a distribution of the 

-� r
form N = N e d s, where N is the number density of showers,

0 

* 

References are listed at the end of the report. 

t
The equivalent diameter is the diameter of the circle having the 

same area as the plan-projected area of the cloud. 
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r is the shower radius, and N and� are parameters of the dis-
s O d 

tribution. They also point out that the cloud data of Blackmer 

and Serebreny (1962) follow a similar distribution. They con­

sidered the similarity in distribution of showers and clouds 

significant, since the smallest showers they could measure were 

limited by the beamwidth of the radar and the spot size on the 

radar PPI. In their study they found that� varied with time
d 

of day as well as with location. For Blackmer's clouds,� 
d 

ranges from 1.5 to 1.9. While all of these studies refer to 

cumuliform clouds and showers, it is not unreasonable to assume 

that a similar distribution may apply to certain conditions of 

stratiform-type cloud cover. 

Cloud base may range from the surface (fog) 

to altitudes much greater than the upper limit of conditions of 

importance to airport operations. Thickness also may range from 

a few tens of feet (say 50) to much greater than 5000 feet. As 

an initial approximation, one can assume that the thickness equals 

the diameter for individual clouds of the cumuliform variety. 

b. Density Variation and Optical Characteristics 

Clouds can vary from tenuous wisps to very 

dense clouds in which visibility may be only a few feet. H. J. 

aufm Kampe (1950) reports measured visibilities in various types 

of clouds and shows values ranging from 10 to 300 meters. The 

mean values given by aufm Kampe are as follows: 
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Type of Cloud Mean Visibility (meters) 

Cumulus Congestus 20 

Fair Weather Cumulus 40 

Stratocumulus 100 

Stratus 140 

Altostratus 150 

Obviously, if the cloud thickness is less than the visibility, 

higher clouds (if present) may be detectable by optical methods. 

c. Velocity Distribution and Other Known 

Dynamic Characteristics 

Cloud velocity can be considered comparable 

to the wind velocity in the layer in which the cloud is embedded. 

This may range from Oto 60 knots. The most important exception 

is wave conditions. This exception may be important at a few air­

ports where there are true wave clouds or similar conditions, 

such as coastal stratus that dissipates a short distance to the 

lee of elevated coastal terrain. 

Cloud shapes continually change, with sig­

nificant density changes occurring over periods from a few minutes 

to several hours. As a first approximation, however, we can con­

sider the shapes to be fixed, with the primary variation being 

due merely to translation due to wind. 
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2. Multiple-Cloud Data--Spacing Distributions 

Much of the available information on cloud spacing 

is based on studies of cumuliform clouds. With cloud cover that 

forms a ceiling we may be more concerned with holes in a cloud 

layer rather than spacing between elements. As a preliminary 

estimate, however, a range from 100 to 2500 feet may be useful. 

It should be noted that cloud size distribution, spacing distribu­

tion, and amount are interrelated, and that the specification of 

any two of these quantities highly constrains the third. 

3. Cloud-Layer Data 

a. Variations About Average Base Height 

Borovikov et al. (1961) present an example of 

oscillations in the altitude of a cloud base. They claim there 

are two types of oscillations with an amplitude of 100 meters and 

over--one with a period of 1 to 6 hours, the other with a period 

of 10 to 15 minutes. They cite an example of even faster and 

sharper oscillations measured in fractions of a minute. These 

latter were on the order of 120 meters about the average base. 

Thus there are both long- and short-period fluctuations ranging 

from Oto possibly 500 feet. 

b. Cloud-Layer Thickness and Density Distributions 

As with single clouds, layer thickness can 

vary from a few tens of feet to well over 5000 feet. The dis­

cussion of density variations for single clouds applies to cloud 

layers as well. 



c. Spacing of Multiple Layers 

Any postulated range of spacing between layers 

will probably be encountered in the atmosphere. Since we are con­

cerned with clouds below 5000 feet, the spacings we will be con­

cerned with will be rather small if we have two or more layers in 

the height interval. The exact value will depend on the assumed 

thickness of the layers. 

4. Associated Precipitation 

As indicated earlier, precipitation may be in the 

form of virga, drizzle, rain, or snow of various rates. In rare 

cases there may be hail of various sizes up to several inches in 

diameter. The precipitation will have various effects on optical 

and radar ceilometers depending on its form and intensity. Re-

fraction phenomena during rainfall may cause optical ceilometers 

to give a spurious response at an elevation angle of 49 ° 
, and 

occasionally a secondary response at 36 ° 
. In snow, optical 

ceilometers may get a response down to zero elevation angle. 

Radar ceilometers are also affected by precipitation. Since pre­

cipitation particles are much larger than cloud droplets, and 

since radar ceilometers are designed to detect the weaker echoes 

from small cloud particles, precipitation produces a much stronger 

signal and much larger attenuation than the cloud layer. In its 

presence it may be impossible to locate either the base of the 

lower layer or the bases and tops of other layers. The computer 

program permits the simulation of these conditions. 
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C. Plan-View Parameters 

Any attempt at modeling by definition results in an 

approximation to reality. Even with large computers and effi­

ciently written programs, it is necessary to be very selective in 

choosing those aspects of cloud phenomena to simulate. The cloud 

model, as it finally developed, is based on the assumption that 

sky conditions can be described in terms of statistically homogen­

eous layers of clouds. The clouds in each layer are described in 

terms of a number of parameters that fix the probability distribu­

tions or the statistics, but not the actual clouds themselves. 

Since these parameters are not allowed to vary within a given 

layer, the layer is statistically homogeneous. The parameters 

fall naturally into three groups depending on whether they affect 

the plan view, the profile view, or the physical characteristics. 

In the following sections we describe these parameters in some 

detail. 

In plan view, the clouds in any layer appear as 

scattered, possibly overlapping rectangles if the sky cover is 

five tenths or less. If the sky cover exceeds five tenths, the 

rectangular areas are interpreted as holes in an extensive layer 

of cloud cover. This change in interpretation is made to improve 

the efficiency of the computer simulation program. To make the 

following discussion more readable, we shall assume that the sky 

cover is five tenths or less, so that the rectangular areas are 

interpreted as clouds. If the sky cover exceeds five tenths, the 

following discussion should be interpreted as applying to holes 

rather than clouds. 

10 



Different cloud characteristics can be obtained by 

changing any or all of the following plan-view parameters: 

(1) Mean length ;, (m)
m 

(2) Aspect ratio p (-) 

(3) Cloud amount C (tenths)
a 

(4) Cloud speed V (m/s) 

(5) Cloud direction (rad)
*c 

(6) Layer beginning time t (s)
b 

(7) Layer ending time t (s).
e 

The clouds generated by the model are rectangular, 

having length.;, in the direction of motion and width pt normal to 

the direction of motion, where p is the specified aspect ratio. 

The fact that the clouds are rectangular, rather than, say, 

elliptical or irregular, is not considered to be particu�arly 

significant. The size of the clouds and the percent cover is 

probably considerably more important than their exact shape. If 

t is the specified mean cloud length, then the cloud lengths ;,

obey 
m 

the exponential distribution 

Note that the units in this section of this report are usually 
given in MKS units to simplify the theoretical equations. In 
the computer program, other units are often used to obtain con­
venient magnitudes. The actual units used are given in the 
tables in Section IV. 
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(1) 

-1,/.R, 
e .R, � 0pm 

=p (/,) 

lo .R, < 0 

The exponential distribution was chosen because it 

agreed with measured distributions of cloud sizes observed over 

large areas. The distribution tends to produce fewer large clouds 

than small clouds, with more than half of the clouds having 

I,< I, .  The total percentage area covered by the clouds is 
m 

fixed by speci.fying the cloud amount c . 
a 

Some problems arise when we try to distribute the rec­

tangular clouds over a prescribed area. Ideally, the clouds 

should be distributed in a uniform, nonoverlapping fashion such 

that a specified amount of the cloud cover is obtained. If the 

cloud centers are selected independently of the cloud sizes, 

there is a nonzero probability of overlap. If constraints are 

imposed to prevent overlap, computational complexities arise that 

seem out of proportion to the importance of preventing overlap. 

In either case, the clouds must be distributed over a finite 

portion of the prescribed area, and this introduces some statisti­

cal bias in their distribution. 

The actual method used to distribute the clouds was 

chosen for its computational convenience, and will be described 

In some special circumstances it may be desirable to use another 

distribution. The program can be easily modified to accommodate 

such changes. 

13 



in Section IV. It produces a scattering of clouds that is 

essentially uniform, but that does lead to cloud overlap. This 

overlap is properly accounted for in computing the percentage 

cover, so that the desired cloud amount is achieved. However, 

the resulting distribution of the cloud "diameters" is not strictly 

exponential, since smaller clouds tend to be absorbed by larger 

ones. This effect is most noticeable when the cloud amount is 

near 50 percent, and is not very significant for either small or 

large percentage cover. Since neither the programming nor the 

use of the model relies on the cloud-length distribution being 

exactly exponential, this is believed to be a satisfactory solution. 

The movement of the clouds is specified by the cloud 

speed v and cloud direction� . A conventional Cartesian coordi-
c 

nate system is used, with the origin locating any convenient point 

near the instruments, the x-axis pointing east, and the y-axis 

pointing north. All of the clouds in a layer are assumed to move 

together with a constant speed. The cloud direction is the di­

rection from which the clouds are coming, expressed as an angle 

measured clockwise from north. 

Finally, two plan-view parameters specify the extent of 

the cloud layer. The layer-beginning-time t specifies the time
b 

at which the leading edge of the layer is to pass over the origin, 

and the layer-ending-time t has the corresponding obvious meaning. 
e 

The use of these parameters allows the simulation of abrupt changes 

in conditions such as those associated with an incoming front. By 

specifying the successive appearance of several layers having 
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different cloud sizes, cloud amounts, base heights, etc., a wide 

variety of quite complex sky conditions can be simulated. It 

should be noted, however, that given a specific set of cloud sizes 

and amounts, there is no provision for changes during the time 

interval t to t . That is, individual clouds are not growing or
b e 

dissipating; only translation of the fixed cloud pattern takes 

place. 

D. Profile-View Parameters 

Viewed from the side, the clouds in any layer resemble 

rectangles having flat tops, vertical sides, and irregular bases. 

The following parameters control the characteristics of the 

profile view: 

(1) Mean thickness t (m) 

(2) Mean base height h (m) 

(3) Base-height standard deviation cr (m)
b 

(4) Base-height correlation distance d (m). 

As shown in Figure 2, the height of the cloud top is 

the sum of the mean thickness t and the mean base height h. The 

actual base height h(x) is an irregular function of x. Using the 

terminology of random processes, h(x) is a sample function of a 

stationary random process having mean h and standard deviation cr
b 

That is, 

h = E[h(x)] (2) 
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and 

(3) 

where E[h] is the expected or mean value of the random variable 

h. In addition, the computer-generated random process is essen­

tially gaussian, which means that all that is needed to complete 

its statistical description is the autocorrelation function R(�), 

where 

(4) 

(5) 
-2 -

= h + E[(h(x + 0 - h) (h(x) - h)] 
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The autocorrelation function measures the rate at which 

the base height changes with x. Generally speaking, R(s) decreases 

as C increases, and the faster that R falls off, the smaller the 

distance between significant base-height changes. For computa­

tional convenience, we have chosen to characterise R(s) by a cor­

relation distance d by using the exponential function 

= 
-2 
h 

2
+cr

b 
-lcl1ct 

e (6) 

Thus, the specification of the mean base height h, the standard 

deviation cr ,  and the correlation distance d completely determines
b 

the statistics of the base-height function h(x). Physically, the 

mean base height is the average height of the cloud layer, and 

the standard deviation is a typical departure of the height from 

the average. The correlation distance tells how rapidly these 

departures occur. Roughly speaking, one does not expect the base 

height to change by an amount q in a distance less than ct, but 
b 

one does expect such large changes in a distance greater than d. 

While the exponential form for R(s) was chosen primarily 

for computational convenience, it apparently gives a reasonable 

first approximation to measured base-height statistics. In par-

ticular, Davis (1969) has reported measurements of the standard 

deviation of the difference between the lowest cloud base at one 

time and the lowest cloud base at periods of from 1 to 15 minutes 

later. The average (or combined) results for his measurements 

are shown in Figure 3. It is shown in Appendix A that for our 

model, 
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(7) 

where t is the elapsed time and v is the cloud velocity. The 

theoretical curve shown in Figure 3 for cr = 110 ft and d/v = 9.2
b 

minutes gives a reasonably good approximation to the measured 

data. By fitting data of this type, one can obtain numerical 
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values for the standard deviation cr and the correlation distance
b 

d if the cloud velocity v is known. While these results are frag-

mentary and preliminary, they give encouraging evidence that the 

model, although simple, may give a good simulation of actual base­

height irregularities. 

E. Physical Parameters 

When we describe a model cloud as having a rectangular 

shape or a randomly irregular base, we are implicitly describing 

places where physical parameters such as densities, drop-size 

distributions, or scattering coefficients undergo rapid changes. 

The physical parameters of greatest importance are those that 

influence the transmission of microwave and visible electromag­

netic radiation. For our purposes, we summarize the physical 

properties of the clouds in the following parameters: 

-1 -1 
(1) Angular volume scattering coefficient (ster m ) 

-1 
(2) Volume scattering coefficient cr (m ) 

-1 
(3) Reflectivity per unit volume (m ) 

-1
(4) Atmospheric attenuation rate (m ). 

a 

The scattering coefficients form the basis for computing 

the responses of fixed-beam and rotating-beam ceilometers. These 

coefficients can be measured experimentally (Barteneva and 

Polyakova, 1965) or they can be calculated from more basic con­

siderations (Shifrin, 1951; van de Hulst, 1957). In particular, 

Mie theory can be used when scattering is due to the interaction 
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of a plane electromagnetic wave incident on a spherical body of 

uniform optical properties, and seems to be well suited to calcu­

lations for fog and cloud conditions. The angular volume 

scattering coefficient� as a function of the polar angle� is 

given by 

da
d 

(8) 

where 

a = Drop radius
d 

A= Wavelength 

m = Complex refractive index 

n(a ) = Drop-size distribution function 
d 

Q = Angular scattering efficiency of the sphere. 

The drop-size distribution must be either postulated or 

estimated from measured data. The Q function can be calculated 

from electromagnetic theory (van de Hulst, 1957; Kattaway and 

Plass, 1967; Dave, 1968), and tables from which� can be calculated 

are available (Deirmendjian, 1969). Once� is known, the volume 

scattering coefficient a can be computed directly from 

� r, = 2rT J (<p) sin<p djl (9) 

·O 

The significance of a can be seen from the fact that 

luminous flux travelling through an aerosol along a line from a to 
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is 
b 

b attenuated by the factor exp - J a(x) dx. Thus, the larger
·a 

the value of a, the less the light beam penetrates the aerosol. 

The reflectivity per unit volume� and the atmosphere 

attenuation rate a 
a 

are the principal physical parameters needed 

to calculate the responses of radar ceilometers. Both of these 

parameters are closely related to scattering coefficients, but 

at radar wavelengths approximations to Mie theory can be used. 

In particular, when the diameters d. 
1 

of the scattering particles

are appreciably smaller than the wavelength A, the Rayleigh 

approximation gives 

5 2 2
TT m - 1 1 

A
4 2 I z (10) 

m + 2 

where m is the complex refractive index and Z is the radar­

reflectivity factor, given by 

6
d (11) 

where n 
i 

is the number of particles per unit volume having

diameter d. (Wilk, 1958). It should b
1 

e noted, however, that sig-

nificant discrepancies have been observed between experimental 

and theoretical results based on this equation for , z particularly 

for the case of water clouds. Naito and Atlas (1966) attribute 

the unexpectedly low measured scatter to partial coherence in the 

distribution of scattering particles, and their results suggest 

reducing the value of Z by the ratio of random particle concen­

tration to total particle concentration. As an alternative, Z 
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can be estimated from measurable meteorological quantities. 

Collis and Stride give the following approximations: 

200 R
l. 6 

for rain 
z - ! (12) 

1.82
0.292 W for liquid cloud droplets 

where R is the precipitation rate in mm/hr, W is the liquid water 

content in gm/m
3 
 , and Z is measured in mm 

6 
/m 

3
(Hansford, 1960). 

Another approximation is given by Wilk (1958), who also tabulates 

parameter values for various types of clouds. 

The atmospheric attenuation rate a plays essentially 

the same role as the volume scattering coefficient cr. Microwave 

radiation travelling through an aerosol along a line from a to b 

is attenuated by the transmission factor 

(13) 

Wilk gives various expressions for a, depending upon
a 

whether the attenuation is due to water vapor and oxygen, pre-

cipitation, or clouds. These expressions are given for an at-
-1

tenuation A measured .in -dB/1000 ft. Thus, a, measured in m 
' 

a 

is related to A by 

-4 
a = 7.554 X 10 A (14) 

a 
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F. Examples 

The significance of most of the cloud-model parameters 

is easily illustrated by a few examples. Figure 4 shows three 

examples of different random samples of computer-generated clouds 

having identical cloud parameters. Since the cloud amount is 

small, the square areas represent clouds, which are assumed to be 

moving from east to west. A vertically pointing instrument lo­

cated at the place marked x in the center of the plan view cuts a 

slice through the cloud layer, and this intersection is shown in 

each plan view. The corresponding profile views show the true 

base heights, and represent the readings of an ideal, vertically 

pointing ceilometer. 

When the cloud amount exceeds 0.5, it is more efficient 

to generate holes than clouds. Figure 5 illustrates this situation. 

Note that in the first and third examples the ceilometer, by 

chance, failed to spot a single hole, while the actual cloud 

amount is 90 percent. The model is naturally suited to deter­

mining such things as the length of time required to measure 

cloud amount to within some specified accuracy using one or more 

ceilometers. 

The effects of changing some of the plan-view parameters 

are illustrated in Figure 6. Using Figure 6(a) as a reference, 

Figure 6(b) shows the effect of changing the aspect ratio, and 

Figure 6(c) shows the effect of changing the mean length. The 

time required to generate the clouds or holes depends on the value 
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of the mean length, and excessively small values should be avoided 

unless the cloud amount is either very small or very large. 

Finally, Figure 7 illustrates the effects of changing 

profile-view parameters. Using Figure 7(a) as a reference, 

Figure 7(b) shows the effect of changing only the standard devia­

tion. In Figures 7(c) and 7(d) the standard deviation is the 

same as in Figure 7(a), despite appearances to the contrary. In 

Figure 7(c) the correlation distance has been reduced, leading to 

a more erratic curve, while in Figure 7(d) the correlation dis­

tance has been increased, leading to a smoother curve. A common 

initial reaction to inspection of Figure 7(d) is that it has a 

smaller standard deviation. A closer inspection discloses that 

the higher spatial correlation results in the instantaneous value 

remaining significantly away from the mean value for longer lengths 

of time, and, even though extreme peaks occur much less frequently, 

the standard deviation is, in fact, unchanged. 

III THE INSTRUMENT MODEL 

A. Techniques for Cloud-Base-Height Measurement 

Many different methods have been used to measure cloud­

base heights. These methods have included the following: 

(1) The altitude of obscuration of a known 

terrain feature 

(2) The time required for a free-rising 

balloon to be lost ta view 
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(3) The altitude at which a tethered balloon 

is obscured as it is raised and lowered 

around cloud level 

(4) The altitude at which a pilot can just 

see the ground 

(5) The time required for a light pulse to 

make a round trip from the transmitter 
* 

to the receiver (light radar and lidar) 

(6) The range at which a vertically pointing 

radar first detects a target (radar 

ceilometer) 

(7) Triangulation using a vertically projected 

light and an observer with a clinometer 

(8) Triangulation using a vertically projected 

light and a rotating photodetector (fixed­

beam ceilometer) 

()9  Triangulation using a vertically pointing 

photodector and a rotating light beam 

(rotating-beam ceilometer). 

Of these, we have simulated the fixed-beam, rotating­

beam and radar ceilometers because they have been fairly widely 

used and are obvious candidates for use in an automated observation 

* 

Acronym for l�ght �etection �nd Eanging. A lidar is a light 
radar that uses a laser light source. 
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system. Since the potentially interesting light radar and lidar 

ceilometers involve similar light-scattering principles, it should 

be possible to extend the present simulation techniques to include 

these instruments as well. 

B. Fixed-Beam and Rotating-Beam Ceilometers 

The basic geometry for a fixed-beam ceilometer is shown 

in Figure 8. Light projected vertically from the transmitter 

---
-a 
----•�I TRANSMITTERRECEIVER 

1-

TA-7935-7 

FIGURE 8 PROFILE VIEW OF A FIXED-BEAM CEILOMETER 

penetrates the cloud and illuminates a region near the cloud base. 

A portion of the scattered light is picked up by the receiver's 

photodetector as the receiver scans along the projected beam. 
-1

The light received usually reaches a maximum near 0 = tan h/a, 
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and h is usually estimated as atan0. The operation of the 

rotating-beam ceilometer is basically very similar. The main 

difference is that the receiver beam points vertically upward and 

the transmitter beam rotates, which has certain noise advantages 

due to reduced mechanical vibration of the sensitive detector and 

fewer opportunities for the pickup of stray interfering light 

sources. In addition, pr�sent instruments differ in the scanning 

rates, types of light sources, photocells, filters, electronic 

amplifiers, etc., used. 

In our simulation, we have concentrated on the basic 

physics governing these instruments. For given instrument param­

eters, such as the transmitted luminous flux and the beam angles, 

and for given cloud parameters, such as scattering coefficients 

and base height, we compute the received luminous flux as a func­

tion of the inclination angle 0. It is a straightforward matter 

to compute the electrical response of the instrument from the re­

ceived luminous flux, taking into account such factors as the 

effects of modulation, optical filters, photocell characteristics,
* 

electrical noise, and amplifier nonlinearities. 

The computation of the received luminous flux is based 

on single scattering theory, and accounts for light attenuation 

in the atmosphere, attenuation in the cloud, single scattering, 

penetration of thin lower layers, and refraction phenomena during 

precipitation. Although certain multiple-scattering effects 

* 

The effects of some of these factors are discussed by Olbers (1955). 
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cannot be derived from this theory, the computational complexities 

of multiple scattering theory seem out of proportion to the 

possible benefits. 

A fixed-beam ceilometer is described by specifying the 

following instrument parameters: 

(1) Instrument location x,y (m) 

(2) Sampling interval t (s) 
s 

(3) Base-line distance a (m) 

2
(4) Receiver area A (m )

r 

(5) Transmitted luminous flux F (lumen)
T 

 
I 

(6) Transmitter cone angles a,a (rad) 

(7) Receiver cone angles 
I 

Y,Y (rad). 

As indicated in Figure B, the cone angles are measured 

from the central axis of the beam. Here 2a and 2y are the hori­

zontal beam widths of the transmitter and receiver cones, respec-

I I 

tively. The corresponding vertical 
• 

beam widths 
.

2a and 2y 

complete the specification of the transmitter and receiver cones, 

which are rectangular in cross section. If the cone angles are 

small, the solid angle W for the transmitter is approximately
T 

I

400, and the solid angle w for the receiver is approximately
r 

I 

4yy . For a rotating-beam ceilometer, the same parameters are 

needed; however, the receiver cone angles are now denoted by a 

I . I

and a ,  and the transmitter cone angles by y and y . 
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The basic relation used to calculate the ceilometer 

response is 

F A cosw -f
r

cr(r)dr-J
s

cr(s)ds

T r ·O 0dF = 13 (cp) e dv (15)r UJ 2 2
T r s 

where 

dF = Flux received from the scattering volume dv 
r 

13 (cp) = Angular volume scattering coefficient 

A cosw = No
r 

rmal component of receiver area 

r = Distance from transmitter to scattering 
volume 

s = Distance from receiver to scattering volume 

cr = Volume scattering coefficient. 

To determine the total flux received as a function of 

inclination angle 8, Eq. (15) must be integrated over the volume 

common to the transmitter and receiver beams for any given 8. 

This is very difficult to do exactly, both because of the awkward 

geometrical constraints and because of the variation of 13 and o 

with altitude. A good approximate solution can be obtained, how­

ever, in which F (8), 
r 

shown in Figure 9, is characterized by

four parameters : 8 . , 8 , 8 , and F It i hown in
min max decay max 

s s

Appendix B that under reasonable assumptions the received flux 

begins to rise abruptly at 8 = 8 . , reaching a peak of F at
min max 

8 = 8 , and decaying exponentially like exp - (8 - 8 )/8 
max max decay 

thereafter. Explicit equations are given for computing these four 
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FIGURE 9 OPTICAL CEI LOMETER RESPONSE CURVE 

parameters, both for the response for the lowest cloud layer and 

the response for the second lowest cloud layer. Their computation 

at successive sampling times is the basic output of the optical­

ceilometer simulation routine. 

c. Radar Ceilometers 

Vertically pointing radars operating at wavelengths 

of about 1 cm are capable of measuring the bases and tops of 

cloud layers, including layers above a lower overcast that ob­

scures the layer from detection by a surface observer or an op­

tical ceilometer. Such instruments are very sensitive to cloud­

droplet temperature and rain, however. In addition, heights of 

clouds at very low altitudes cannot be measured; for the 

AN/TPQ-11 radar ceilometer, for example, this lower limit is 

about 500 feet. 
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A vertically pointing radar may have a single trans­

mitting and receiving antenna, or separate but closely spaced 

antennas for the two functions. A system with a single antenna 

cannot measure clouds at low levels because the delicate receiver 

must be shut off while the powerful transmitter is in operation. 

With dual antennas, clouds can be measured at lower altitudes, 

but since there is always some leakage of the transmitted pulse 

into the receiver, the echoes from the lowest layers may be ob-

scured. In addition, the dual-antenna system requires a tilt 

mechanism to converge the narrow beams at a selected altitude. 

The computation of the average received power P back­
r 

scattered by particles filling the beam at range r is based on 

the radar equation: 

r 

-2J Q'(r)dr
C 

Tl (r)e (16)
r 2 

r 

where C is the radar constant given by 

P G 
2 

f... 
2 

0 Cf) C'T" (17)
T b b

C = 
3

128TTand 

p = Transmitted power 
T 

(-) 
G = Antenna gain 

f... = Wavelength (m) 

= Horizontal and vertical beam widths ( rad) 
eb, cpb 

C = Speed of light ( m/s) 

(watts) 
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T = Pulse duration (s) 

-1
�= Reflectivity per unit volume (m ) 

-1 
a = Atmospheric attenuation rate (m ) 

a 

Thus, a vertically-pointing radar is described by specifying the 

following instrument parameters: 

(1) Instrument location x,y (m) 

(2) Sampling interval t (s)
s 

3 
(3) Radar constant C (watts-m ) 

(4) Minimum range r (m)
min 

To determine the response of the instrument, Eq. (16) 

is evaluated using the values of� and a determined by the 
a 

clouds intercepted by the radar beam. Complete equations for 

the response for the lowest two layers are derived in Appendix C. 

Except for attenuation, the result is a superposition of the re­

sponses for the separate layers. As illustrated in Figure 10, 

the response F (r) for a single layer can be characterized by 

four parameters: P ,  r ,  �, and a .  Below r ,  the average
1 1 1 1 1 

height of the cloud base intercepted by the radar cone, the re-

sponse is negligible. At or near r it rises abruptly to P ,
1 1 

and then falls off according to 

p (r)r (18) 
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FIGURE 10 RADAR CEILOMETER RESPONSE CURVE 

until r = r 
J 

the height of the top of the cloud layer. Explicit
1 

equations for computing these four parameters
J 

both for the 

lowest and the second lowest cloud layer
J 

are given in Appendix C. 

Their computation at successive sampling times is the basic output 

of the radar-ceilometer simulation routine. 

IV THE COMPUTER PROGRAM 

A. Basic Program Organization 

The simulation program uses the cloud/instrument model 

to compute the responses of a set of ceilometers to multiple 

layers of simulated clouds. The input to the program is a com­

plete parametric description of the cloud layers and the instru­

ment characteristics. The basic output is a record of the 

instrument responses at every sampling time. This output can be 
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listed on a line printer and/or written on magnetic tape for 

further analysis. In addition, graphical output can be obtained 

showing the actual clouds generated and the true ceiling heights. 

The clouds generated in any given layer fall in a strip 

that is arbitrarily long in the direction of cloud motion, but of 

fixed extent normal to that direction. The instruments are 

placed in some configuration that lies within this strip. One 

of the basic subroutines in the program rotates coordinates so 

that this strip can always be thought of as moving from east to 

west. In the current version of the program, the strip represents 

an area 16-km wide, and after rotation the origin is centered in 

the north/south direction. 

While the strip is arbitrarily long, the generation of 

clouds takes place in intervals, so that the strip effectively 

grows from west to east. As the clouds move from east to west, 

a new interval must be generated before the leading ceilometer 

encounters the end of the old interval. Since each layer can 

move at a different speed, these intervals are computed on the 

basis of time rather than distance. -The x-axis for each layer 

is scaled by dividing by the layer speed, thereby converting it 

to a time axis. Each interval is a section of the strip of width 

16 km and of length v·TD, where v is the cloud speed and TD is 

the interval time duration, which is currently three hours. 

Thus, the stages for every layer end at the same time, and the 

process of growing the strip takes place at three-hour intervals. 
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This process of generating the strip in intervals has 

several implications. One is that a computer run continues for 

some specified number of three-hour intervals. Another is that 

the first three-hour interval will not produce a full three-hour 

record for a ceilometer unless the ceilometer is located at the 

extreme left edge. A third is that the maximum value for the 

x-coordinate of the ceilometer must be limited to v·TD/2 to keep 

it within the interval. For this reason, we require the cloud 

speed to be at least 2.5 m/s, corresponding to a maximum 
* 

x-coordinate of 13.5 km after rotation. 

A flowchart for the basic steps in the program is shown 

in Figure 11. The first step is to establish a number of basic 

constants, such as TD and the strip size (see Table I for details). 

The next step is to read cards specifying (1) the options selected, 

(2) basic parameters, such as the number of layers and the number 

of instruments, (3) the cloud-layer parameters, and (4) the in­

strument parameters. Next, four subroutines are called to compute 

various quantities that depend on the cloud and instrument param­

eters, but that do not vary as the simulated clouds are generated 

and translated. 

At this point, computation for the first three-hour 

interval begins. This computation is done in two phases--a 

cloud-generation phase and an instrument response phase. In the 

Parameter limitations such as these limitations on speed and 

range are noted in the parameter tables. 
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FIGURE 11 BASIC FLOWCHART FOR SIMULATION PROGRAM 

cloud-generation phase, the layers are generated in succession. 

For each layer, subroutine ORIENT rotates the instrument con­

figuration to the standard position and scales the x-axis by the 

cloud speed. Subroutine CLOUDS generates the rectangular clouds 

(or holes) until the specified cloud amount is attained. The 

intersections of these clouds with the line traced by the ceil­

ometers as the layer moves are saved, and subroutine ORDER ar­

ranges these segments sequentially, merging overlapping traces. 
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Table I 

BASIC PROGRAM CONSTANTS 

Current 
Symbol Value Units Description 

DELX 0.015 km Spa tia 1 quantization interval 
for profile computations 

TD 3.0 hr Time duration for computation 
interval 

TlO 10.0 0.3 hr Time duration in 0.3-hr units 

--DDT 3.3333 Conversion factor from hr to 
0.3-hr units 

TMI 0.0 0.3 hr Minimum interval time 

TMA 10.0 0.3 hr Maximum interval time 

TMR 10.0 0.3 hr TMA-TMI 

TMS -8.0 km Minimum y-coordinate for strip 

TMN 8.0 km Maximum y-coordinate for strip 

TMR 16.0 km YMN-YMS 

After the plan view for the highest layer has been 

computed, calculation of the instrument responses begins, with 

each instrument being considered in turn. For each instrument, 

subroutine BASE uses Eq. (A-1) of Appendix A to compute the 

true base-height profile for every layer. The average height in 

the vertical cone is also computed, and the results for the two 

lowest layers having clouds directly above the instrument are 

saved. These average heights are used by subroutine OPTIC and 

subroutine RADAR to compute the instrument response. OPTIC uses 

the equations in Section 8 of Appendix B to compute F ' 8 ' 
max min 
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0 , and 0 for the lowest two layers. RADAR uses the 
max decay 

equations in Sections 5 and 6 of Appendix C to compute P , r , 
1 1

�, and a for the lowest two layers. These responses can be
1 1 

listed on the line printer and/or written on magnetic tape for 

further processing. 

This broad picture of the organization of the simulation 

program indicates the major functions of the basic subroutines in 

the simulation program. Detailed flowcharts of all of the 

Fortran IV routines are given in Appendix D, and the source code 

listings are given in Appendix E. The only routines that are 

not part of the standard CDC 6400/6600 Fortran IV system and 

that are not documented are the various plot routines for the 

CalComp plotter. With the exception of some minor modifications, 

these routines are described in the California Computer Products 

manual, "Programming CalComp Pen Plotters" (June 1968). 

B. Input Data 

1. Data Cards 

Data for the program are punched on a series of 

cards specifying (1) the options selected, (2) basic parameters, 

(3) cloud-layer parameters, and (4) instrument parameters. The 

cards for these functions are referred to as the A, B, c, and 

D cards, respectively. For a given run, there is only one A 

card and one B card, but there are seven C cards per layer and 

two D cards per instrument. 
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The user of the simulation program controls its 

operation by the choices he makes for the data on these cards. 

The A card controls the type of output obtaine d: printout, 

magnetic-tape output, and/or graphical output. The B card con­

trols such things as the number of cloud layers and the number 

of instruments. For each layer, the C cards specify the statisti­

cal parameters for the layer. Similarly, for each instrument, 

the D cards specify the physical parameters of the instruments. 

In Sections II and III we described the signifi­

cance of these parameters, and in some cases described how one 

might obtain numerical values for them. The problem of choosing 

values for all of the parameters naturally depends on the condi­

tions one wishes to simulate. Because of the wide variety of 

conditions that can be simulated, we cannot give any further 

specific advice on how the parameter values should be selected. 

However, the following sections give a complete and exact de­

scription of the parameters at the user's disposal. Example 

values are also given, but they are for illustrative purposes 

only, and should not oe regarded as being representative of any 

real situation. 

2. Output Options--A Card 

The output options are controlled by the three 

parameters NLINE, NTAPE, and NCALC. Table II summarizes their 

effects and gives the required format. Every run of the program 

produces a line-printer listing of the parameters for that run. 
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Table II 

OUTPUT OPTIONS--A CARD 

' Value Typical 

Column Format Symbol Units Limits Value 

1-10 IlO NLINE -- o, 1 1 0: 

1: 

11-20 IlO NTAPE -·- o, 1 0 0: 

1: 

21-30 IlO NCALC �- o, 1, 2 2 0: 

1: 

2: 

Description

no line printer 

output 

line printer 

output 

no magnetic 

tape output 

magnetic tape 

output 

no graphical

output 

plot profile 

view 

plot profile 

and plan view 



If NLINE = NTAPE = NCALC = O, no additional output is obtained. 

The principal output of the run--the ceilometer responses--is 

listed on the line printer if NLINE = 1, and both the parameters 

and the output are written on magnetic tape (input/output unit 41) 

if NTAPE = 1. 

If desired, graphical output showing the actual 

simulated cloud conditions can be obtained. When this option 

is exercised, data are written on magnetic tape (input/output 

unit 46) in a format suitable for off-line operation of a 

CalComp plotter. If NCALC = 1, profile views of the actual 

ceiling heights at the ceilometer locations are plotted. In 

addition, if NCALC = 2, plan views of the clouds in each layer 

are plotted. 

3. Basic Parameters--B Card 

The basic program parameters under user control 

are the six quantities, NL, NI, RN, TT, Ase, and AAT listed in 

Table III. NL specifies the number of cloud layers and NI 

specifies the number of instruments. As Table III indicates, 

the current program is limited to five cloud layers and ten in­

struments during any one run. Repeated runs can be used to ob­

tain the responses for any number of instruments. 

Since a pseudo-random number generator is used to 

generate clouds and cloud-base irregularities, repetition of a 

run without changing any parameters will result in an exact 

duplication of previous results. RN allows the starting number 
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Table III 

BASIC PARAMETERS--B CARD 

Column Format Symbol Units 

Value 

Limits 

Typical 

Value Description 

1-10 no NL -- 1-5 2 Number of cloud layers 

11-20 no NI -- 1-10 3 Number of instruments 

21-30 Fl0.5 RN -- Odd no. 3.0 Controls ini tializa-

tion of random number 

generators 

31-40 Fl0.5 TT -- >o.o 3.0 Total time for run 

41-50 Fl0.5 ASC 
-1 

km :::::o.o 0.1 Atmospheric volume 

scattering coefficient, 

0 

51-60 Fl0.5 AAT 
-1, 

km :::::o.o 0.04 Atmospheric attenua-

tion rate, 
0 



for the pseudo-random number generator to be changed, thereby 

allowing the variations due only to random factors to be 

studied. RN can be set to any convenient odd number. A change 

in RN results in a change in every effect involving randomness. 

Ways of obtaining selective changes are described in the next 

two subsections. 

TI specifies the total time period for the simula­

tion. Because operations take place in three-hour intervals, if 

TT is not an exact multiple of three, the program will generate 

successive three-hour intervals until TT is exceeded. 

The last two parameters, ASC and AAT, are atmo­

spheric parameters. ASC is the volume scattering coefficient 

cr and AAT is the atmospheric attenuation rate a .  Note that
0 0 

cr is measured at optical wavelengths and a at radar wavelengths.
0 0 

The wavelengths selected must correspond to the operating wave-

lengths of the instruments. The simulation of different optical 

(or different radar) ceilometers operating at significantly 

different wavelengths can only be done by making repeated runs. 

4. Cloud-Layer Parameters--C Cards 

Of the seven C cards, the first two specify a 

variety of cloud-layer parameters, while the last five merely 

specify a table of values for the normalized angular volume 

scattering coefficient �/cr. Information about these cards is 

summarized in Table IV. 
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Table IV 

CLOUD LAYER PARAMETERS--C CARDS 

Value Typical 
Card Column Format Symbol Units Limits Value Description 

Cl 1-10 IlO --LCOD 1-15 2 Layer code for random numbers 
11-20 IlO LTYP -- -1,0,1 1 1: generates clouds 

-1: generates holes 
0: generates clouds if cloud amount 

$0. 5; holes otherwise 
21-30 Fl0.5 CBT hrs -- -3.0 Time at which beginning of layer passes 

over origin, tb 
31-40 Fl0.5 CET hrs >cBT 12.0 Time at which end of layer passes over 

origin, te 
41-50 Fl0.5 CSP m/s 2.5-25. 5.0 Cloud speed, V 

51-60 Fl0.5 CDR degrees -- 90.0 Cloud direction, clockwise from north, � 
61-:--70 Fl0.5 CAM tenths 0. 0-1. 0 0.6 Cloud amount, C 

If LTYP f o, CAM $0.8 
If LTYP = -1, CAM is interpreted as 

hole amount 
71-80 Fl0.5 CML km >o.o 2.0 Mean cloud (or hole) length, 

m 

C2 1-10 --Fl0.5 CAR >o.o 0.5 Cloud (or hole) aspect ratio, p 
11-20 Fl0.5 CTH km >o.o 0.03 Mean cloud thickness, "f 

21-::to Fl0.5 CBH km o. 0-1. 5 0.1 Mean cloud base height, li 

31-40 Fl0.5 CBSD km 0.0-0.5 0.02 Base-height standard deviation, a 
41-50 Fl0.5 CBCD km <!O. 0 0.5 Base-height correlation distance, d 

 51-60 Fl0.5 csc km-1 <!O. 0 30.0 Cloud-volume scattering coefficient, a 
km-l 61-70 Fl0.5 CAT <!0.0 0.1 Cloud attenuation rate, a, 

10-6km-l 71-80 Fl0.5 CRF <!O. 0 1.0 Cloud reflectivity per unit volume, Tl 
C3-C7 -- --Fl0.5 RATES <!0.0 0.01 37 values for the normalized angular 

volume scattering coefficient 
0 

�(qi)/0' given in 5 increments from 
0 ° 0 to qi = qi = 180 

This limitation is due to graphical output; by modifying the statement after Statement 68 in TYPE!, 

replacing 1.5 by the desired maximum height, this restriction can be removed. 



The first parameter
) 

LCOD
J 

is a code number for 

the random number generator for the layer. If neither RN 
J 

LCOD
J 

nor any other plan-view parameter is changed, repeated runs will 

have identical plan-view cloud patterns. If LCOD is the only 

parameter changed
) 

a different random sample having the same 

statistics will result. Fifteen different random samples can 

be obtained merely by changing LCOD; additional samples can be 

obtained by changing RN. As a side effect
) 

whenever two layers 

are given identical valves for LCOD and identical plan-view 

parameters
) 

identical cloud patterns will result. 

The second parameter
) 

LTYP
J 

can be used to control 

the mode of cloud generation: 1 for clouds and -1 for holes. 

If LTYP = O
J 

the program selects between clouds and holes de­

pending on the cloud amount. This is the preferred mode of 

operation
) 

since it places no limits on the cloud amount. 

CBT and CET specify the beginning and ending times 

for the layer
) 

indicating the times at which an edge of the layer 

passes over the origin. CSP gives the cloud speed
) 

and CDR gives 

the cloud direction. If CDR = 90 °
) 

the clouds are moving in from 

the east. 

CAM gives the cloud amount in tenths. If LTYP = O, 

CAM can have any value from 0,0 to 1.0. Note, however, that if 

LTYP = ±l 
J 

CA"M must not exceed 0.8. Furthermore, if LTYP = -1, 

CAM is interpreted as the hole amount, rather than the cloud 

amount. These possible sources of confusion are eliminated by 

taking LTYP = O. 
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The remaining parameters need little comment, 

since they are merely the remainder of the plan-view, profile­

view, and physical parameters described in Section II. It should 

be noted again, however, that certain parameters, such as cr and 

�, are wavelength-dependent, and the values selected must cor­

respond to the wavelengths of the instruments used. Thus, if 

two optical or two radar ceilometers operating at significantly 

different wavelengths are used, the responses will have to be 

computed in separate runs. 

5. Instrument Parameters--D Cards 

The two D cards specify the instrument parameters 

as summarized in Table V. The first parameter, !COD, is a code 

number for the random number generator for the instrument. If 

neither RN, !COD, nor any other profile-view parameter is 

changed, repeated runs will have identical profile-view cloud 

patterns. If !COD is the only parameter changed, a -0ifferent 

random sample having the same statistics will result. ·Fifteen 

different random samples can be obtained merely by changing ·!COD; 

additional samples can be obtained by changing RN. As a side 

effect, whenever two instruments are given identical values for 

!COD, identical profile-view base irregularities will result. 

The meanings of the other parameters are easy to 

understand from Table V. Note, however, that the contents of 

the second D card distinguish the optical ceilometers from the 

radar ceilometers. Since the radar ceilometer uses fewer param­

eters, it turns out that one of the parameters, RAR, is 
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Table V 

INSTRUMENT PARAMETERS--D CARDS 

Card Column 

1-10 
11-2 0 

2 1-30 

31-40 
41-50 

1-10 

Format 

110 
110 

Fl0.5 

Fl0.5 
Fl0.5 

Fl0.5 

Symbol 

ICOD 
ITYP 

XIS 

YIS 
TIS 

TFX 

Units 

--

--

km 

km 
min 

lumens 

Value 
Limits 

1-15 
1,2,3 

XIS2 

-YIS
2 

,;;64 
<!0.l 

>o.o 

Typical 
Value 

1 
2 

2 .0 

-3.0 
3.0 

500.0 

Description 

Instrument code for random numbers 
Instrument type 

1: fixed beam 
2 : rotating beam 
3: radar 

Instrument x-coordinate 

Instrument y-coordinate 
Instrument sampling interval, t 

s 

Transmitted flux, FT 

Dl 

D2 o 

(optical) 11-2 0 Fl0.5 TRD km >o.o 0.1 Base line, a 
2 1-30 Fl0.5 RAR m >o.o 0.5 Effective diameter of receiver area, 

/ 4A /TT
r 

31-40 Fl0.5 RAl degrees 0.0-10.0 4.0 Receiver cone half-angle, O' or y 
41-50 Fl0.5 RA2 degrees 0.0-10.0 4.0 

I I 

Receiver cone half-angle, C( or y 
51-60 Fl0.5 TAl degrees 0.0-10.0 0.4 Transmitter cone half-angle, y or 0/ 
61-70 Fl0.5 TA2 degrees 0.0-10.0 0.4 

I 

Transmitter cone half-angle, y or 0/ 

D2r 
(radar) 

1-10 
11-20 

2 1-30 
31-40 

Fl0.5 
Fl0.5 

Fl0. 5 
Fl0.5 

TFX 
TRD 

RAR 
RAl 

3 
watts-km 

km 
--

degrees 

>0.0 
<!0. 0 

--

0.0-10.0 

0.001 
0.05 

o.o 
o.2 5 

Radar constant, C

Minimum range, r
min 

Dummy 
Radar beam width, e

C.11 
0 



meaningless for that instrument. A value, typically 0.0, must 

be included on the card, however, or else the beam width 0 will 

be lost. 

C. Output Data 

The three output options serve three quite different 

purposes. Output on the line printer is useful for short runs 

and preliminary studies. Output on magnetic tape is intended 

for further processing and fairly large-scale studies. Graphical 

output is useful for diagnostic purposes, and may be helpful when 

the user encounters puzzling phenomena. 

Regardless of the type of output requested, every run 

results in a line printer listing of the parameters used. The 

sample printout shown in Appendix F illustrates this output. In 

addition, when magnetic tape output is requested, the data on 

the A, B, c, and D cards are written at the front of the magnetic 

tape in the card format. For details, see statements 80 to 300 

in subroutine TYPEl listed in Appendix E. 

The records of ceilometer responses form the principal 

output of the program. As illustrated in Appendix F, these re­

sponses are produced in blocks corresponding to the three-hour 

computation intervals. Each block contains records of the re­

sponses of Ceilometer 1, Ceilometer 2, etc., in sequence. Each 

ceilometer record consists of 3/t responses, where t is the 
s s 

sampling interval in hours. For an optical ceilometer, a re-

sponse consists of eleven numbers--the sampling time, the five 
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quantities atan0 , F 0 0 and 0 for the lowest 
max max' max' min' decay 

layer, and the same five quantities for the next higher layer. 

For a radar ceilometer, a response consists of nine numbers, the 

sampling time, the four quantities P
1

, r
1

, r
1

, and a for the
1 

lowest layer, and the same four quantities for the next higher 

layer. On tape, the optical responses appear in an 11Fl2.4 

format and the radar responses in an 9El2.4 format. 

The sample printout in Appendix F illustrates some 

other interesting aspects of the program. In this run, the re­

sponses of hypothetical fixed-beam, rotating-beam, and radar 

ceilometers are simulated. The cloud conditions consist of a 

thin lower layer producing 0.4 cover and moving slowly from east 

to west, and a thick higher layer producing 0.8 cover and moving 

more rapidly from south to north. Figure 12 shows the fixed­

beam ceilometer response as reconstructed from a portion of the 

record listed in Appendix F. Note that sometimes there is a 

response for both layers, but that this need not always be the 

case. When there is a missing response, all numerical output is 

assigned the value 99.99. 

This example also serves to illustrate the kind of 

graphical output produced by the program. Figure 13 shows the 

plan view of Layer 1 for the first three-hour interval. The 

overlapping rectangular clouds shown cover forty percent of the 

area, as specified. Note that the y-axis runs from -8 km to 

8 km, while the t-axis runs from -1.5 hrs to 1.5 hrs. This 
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FIGURE 12 SIMULATED FIXED-BEAM CEILOMETER RESPONSE 
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difference in scale is the reason that the clouds appear to be 

rectangular rather than square. 

Figure 14 shows the plan view of Layer 2 for the same 

three-hour period. Here the rectangular areas are holes rather 

than clouds. The higher velocity of the second layer causes an 

even greater distortion of the apparent shape along the time 

axis. Note that the configuration of the three ceilometers is 

rotated 90 ° 

in going from Layer 1 to Layer 2. This reflects the 

rotation used to account for the different directions of cloud 

motion for the two layers. 

Inspection of Figures 13 and 14 shows that at time 

t = 0 none of the three ceilometers senses a cloud in Layer 1, 

while all of them are sensing Layer 2. Consider the response of 

Ceilometer 2, The first three-hour interval for Layer 1 produces 

the time record from about t = 1.1 hr to t =  1.9 hr. Similarly, 

the first three-interval for Layer 2 produces the time record 

from about t = -1.3 to t =  1.7 hr. Starting at t = o, Ceilometer 

2 senses either no layers, Layer 1, or Layer 2-in the following 

sequence: 202120212120. This sequence ends when the end of the 

first interval for Layer 3 is reached. A plot of the true 

ceiling height shown in Figure 15 confirms this sequence of 

readings. Although not essential, this kind of graphical output 

is very helpful in understanding the computed ceilometer responses 

if the simulated sky conditions are at all complicated. 
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V CONCLUSIONS 

The cloud/instrument model described in this report provides 

a valuable tool for the design of an automatic system for de­

scribing the state of the sky. The computer program implementing 

this model allows a designer to specify the configuration and 

characteristics of vertically pointing fixed-beam, rotating-beam, 

and radar ceilometers, and to obtain their responses under a wide 

variety of sky conditions. With this information, the designer 

can investigate the performance of various sampling strategies 

and processing techniques designed to extract information such 

as ceiling height and cloud amount from instrument readings. In 

addition, he can study the effect of changing the instrument 

characteristics, which should be of help �n determining those 

characteristics needed for an automatic system. Used in con­

junction with a cost/effectiveness analysis, it should help 

determine whether or not an automatic system is technically 

feasible. 

Effective use of this model requires an appreciation of 

both its capabilities and its limitations. Without attempting 

to be exhaustive, we shall list a few of the major capabilities 

and limitations here. The model allows the simulation of a sky 

that can be described in terms of up to five statistically 

homogeneous layers of clouds. The clouds in each layer are 

assumed to be rectangular in shape and move with a common veloc­

ity. Random irregularities in size, position, and base height 
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are allowed
) 

but the parameters for a layer (mean size
) 

mean 

base height
) 

cloud amount
) 

cloud speed
) 

correlation distance
) 

scattering coefficients
) 

radar reflectivity
) 

etc.) are not 

allowed to change. However
) 

rapidly changing conditions such 

as those associated with a front can be simulated by specifying 

beginning and ending time for a layer
) 

and by programming an 

appropriate sequence of layers. 

The equations developed to simulate vertically pointing 

ceilometers were designed to reflect the major factors in­

fluencing their performance. These equations are based on 

single-scattering theory
) 

and hence omit certain multiple­

scattering effects. They also omit any sources of noise or 

interference
) 

such as sunlight
) 

strobe lights
) 

amplifier noise
) 

etc. While noise must be considered in any systems study
) 

it 

can easily be added to the output of the present simulation 

program. 

To use the model
) 

it is necessary to select values for the 

various parameters. We have attempted to summarize some useful 

information and to give some suggestions in this regard. However
) 

the user of the model will have to exercise care in selecting 

parameter values
) 

particularly when there is reason to believe 

that the parameters are not in fact independent. Fortunately
) 

for aviation applications the number of combinations can be re­

duced by focusing on those conditions of low ceiling height 

that give the greatest concern. 
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Appendix A 

STATISTICS OF CLOUD-BASE PROFILES 

1. Introduction 

All of the ceilometers simulated in our model sample a limited 

portion of the sky. A given instrument essentially samples a 

given cloud layer along a vertical plane through the instrument 

location and in the direction of motion of the clouds. The inter­

section of this plane with the layer produces the cloud-base 

profile, a record of the ceiling-height readings of a perfect 

ceilometer. This cloud-base profile is irregular, with fluctua-

tions about some average or mean value. In this appendix we shall 

give the equations used to simulate these irregularities, and 

shall derive their statistical properties. 

2. The Base-Height Difference Equation 

Let h(x) give the height of the cloud base above a given in­

strument as a function of distance along the direction of cloud 

motion. In the computer model, this function is computed for a 

discrete sequence of points, x = O, 6x, 26x, . . . Let 

h = h(kfuc). Then the sequence of heights h , h , h ... is
k 0 1 2 

generated from the initial height h using the first-order 
0 

difference equation 

2
h = 0h + (1 - 0)h + o /4 - e (A-1)

k+l k b 
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where 

-fuc/d (A-2)
e = e 

t.x = Spatial sampling interval 

d = Correlation distance 

h = Mean base height 

a = Standard deviation for base height
b 

th 
u  k random disturbance.

k 
=

The term 0h links previous base heights and is responsible
k 

for continuity, or, more precisely, for correlation along the cloud-_ 

base profile. If the correlation distance d is very large, 0 

approaches unity and the base height changes very slowly. If the 

correlation distance is very small, 0 approaches zero and the base 

height fluctuates rapidly with each random disturbance u .  The 
k 

random disturbances are assumed to be statistically independent, 

identically distributed, zero-mean, unit-variance random variables. 

Thus, if E[u] denotes the expected value of u, 

E[u ] = (A-3)
k 

E[u
2

] = (A-4) 

E[u u ] = (A-5)
i j ij 
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where 5 is the so-called Kronecker delta. While some theoretical
ij 

properties are simplified by giving the u a normal distribution,
k 

for computational simplicity we assume that the u are uniformly
k 

distributed from -/3 to /3. 

3. Solution of the Difference Equation 

In the following analysis it is somewhat simplier to work 

with the deviations z = h - h than with the base heights them-
k k 

selves. It follows at once from Eq. (A-1) that 

2 
= ez + o /2 - e u (A-6)

k+l k b k 

It is a straightforward matter to solve this difference equation 

and obtain 

(A-7) 

n-1 

lu
n-1-k 

Since O < 0 < 1, this solution shows that the effect of the initial 

value z eventually becomes negligible, and that z approaches
0 n 

an exponentially weighted sum of statistically independent random 

variables. It might be thought that the central-limit theorem 

immediately implies that the distribution of z is asymptotically
n 

normal. Strictly speaking, however, this is not true as long as 

e < i. Since u � /3,
k 
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k=O 

n-1 
n 2

s: -
z e z + a /i e /3 In 0 b 

n 2 1 - e
n 

s: e z
0 

+ ali - e /3b 1 - e 

n
� e z

0 
+ ./3 a

bµ1 - 0 

Thus, for small 0, z may never significantly exceed ./3 a , so
n b 

 

that its distribution is certainly not normal. It is true, however, 

that as 0 approaches unity the distribution of z becomes
n 

 

asymptotically normal. From Eq. (A-2) we see that to use a normal 

approximation the basic requirement is that the spatial sampling 

interval tsx be small relative to the correlation distance d. 

4. Base-Height Means and Variances 

Let z and a be the mean and the variance of z , respectively.
n k k

Then, from Eqs. ( A- 3 ) and ( A-7), 

(A-8) 

and 
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Er!(1 - e
2 

) % � 

2 2
0 E n 

n r (zo - ;o) 2] 
n-1 

n k 
+ Er·0 z O ./2. - e

2 

I e u ]0 b n-1-k 
k=O 

+ 
i+j

e u u ]n-1-i n-1-j 

Assuming that the disturbances u are independent of the initial
k 

deviation z and using Eq. (A-5) we obtain 

0 

n-1 
2 2n 2 2

0=00+01(n O b 

2 2n 2 
= o + e (o - (A-9)

b 0 

There are two different simple assumptions that can be made 

about the distribution of the initial deviation z . One is that 
2 

0 

it has mean zero and variance o, in which case z also has mea
b 

n

2 
n 

zero and variance o for all n. The other assumption is that z
b 0 

is known exactly, so that o = O. In this case, z asymptotically 
0 n

2
approaches the mean-zero variance-a condition. Although slightly

b 

more cumbersome mathematically, this is the situation that prevails 

in the computer simulation, where we arbitrarily take z = 0. 
0 

Since h = h + z ,  the base-height mean and variance is give
n n 

n 

by 

(A-10) 
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and 

(A-11) 

Thus, the base-height mean approaches h and the base-height variance 
2

approaches o asymptotically. If the initial height h has mean
b 0

2
h and variance o ,  then so do all succeeding base heights. In

b 
the computer model we take h = h a nd o = O, so that h is the

0 0 
2 

true mean base height, but the variance only approaches o
b 

asymptotically: 

( A-12) 

This equation forms a basis for comparing the model to the 

experimental results reported by Davis (1969). Davis measured 

the standard deviation of the difference between the lowest cloud 

base at one time and the lowest cloud base at periods of from 1 

to 15 minutes later. This corresponds exactly to the situation 
2 2 2n

where o = 0 and o = 0 ( 1 - 0 ). Thus, if we assume that the
0 n b 

clouds are moving with velocity v and measure the variance at 

time t where
n' 

X 

n n6x 
t = = ( A-13)

n V V 

66 



we have from Eq. (A-2) that 

2n -2nfuc/d e = e 

-2vt /d
n = e (A-14) 

and hence that 

( A-15) 

With proper choices for o and v/d, this result appears to be in
b 

good general agreement with the data reported by Davis. It also 

suggests the use of data such as those of Davis for selecting 

values for such parameters as o and d. 
b 

5. Base-Height Autocorrelation Function 

Let us now calculate the autocorrelation function R for 
mn 

the base height under the assumption that h =h and o = 0.
0 0 

By definition, 

67 

mn 
R = E r h 

n]m 

= E[(h + zm)
(i� + z 

n)] 

-2 
= h + (A-16)E [zmzn] 



since z = z = 0 if h = h. Now, from Eq. ( A-7), 
m n o 

k=O 

n-1 
2 
I e

k
u

n-1-k 
= a /1 -

b
z e 

n 

so that 

(A-17) 

m-1 n-1 
i+j

e u ue2)I I m-1-i n-1-j 
i=O j=O 

Thus, from Eq. (A-5) 

1 - 8 

n 

( A-18) 

n-1 
2 2j+m-n

a: (1 - e ) I e 

E[z z = 
j=O 

m n] 
m-1 

2 2i+n-m 
a:( 1 m <- e ) 2 e 

i=O 

2 
= a 0b 

lm-n l( 2min(m, n)) 

where min(m, n) is the smaller of m and n. Thus the autocorrelation 

function is given by 

( A-19) 
mn 
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-2 2 I m-nlwhich asymptotically approaches the exponential form h + a e . b
To relate this to the autocorrelation function for the continuous 

base height, 



R(C) = E[h(x + C)h(x)] (A-20) 

we take x + C = mfuc and x = nfuc so that 

m - n ( A-21) 

Then, from Eqs. (A-2) and (A-19), the asymptotic form for R(C) is 

-2 2 - IC J /d
R(C) = h + o e ( A-22) 

b 

6. Summary 

The ceiling base height is generated recursively using the 

first-order difference equation 

h
k+l 

(A-1) 

where 

-fuc/d
e = e ( A-2) 

(§. = Spatial sampling interval 

d = Correlation distance 

h = Mean base height 

0 = Standard deviation for base height 
b 

u = Zero-mean, unit variance random disturbance. 
k 
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If the spatial sampling interval is small relative to the 

correlation distance so that 0 is near unity, the resulting ceiling 

heights are approximately jointly normally distributed with mean 

h and autocorrelation function 

-2 2 lm-nl
""" h + a e 

mn 

or 

-2 2 - IC I /d
h + o e • ' ( A-22) 

b 

This is an asymptotic result, obtained under the assumption 

m n
that 0 << 1 and 0 << 1. For small m and n, the standard 

initial condition h h constrains the succeeding base heights, 

2 2
reducing the variance of h from o to 

n b 

( A-12) 

( A-15) 

th
where v is the cloud velocity and t is the n observation time. 

n 

This result can be used to estimate the parameters o and d from
b 

data such as those reported by Davis (1969). 
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Appendix B 

SIMULATION OF OPTICAL CEILOMETERS 

1. Introduction 

Our statistical cloud model produces a sky containing several 

layers of clouds passing over a configuration of ceilometers. Any 

given ceilometer senses the sky conditions in its immediate 

vicinity, producing a trace related to the ceiling height. The 

exact response of the ceilometer depends on a variety of factors 

involving both the characteristics of the instrument and the 

physical characteristics of the clouds. In this appendix we 

shall derive the equations to be used in simulating the major 

characteristics of fixed-beam and rotating-beam ceilometers. 

2. Qualitative Characteristics 

The basic geometry for a fixed-beam ceilometer is shown in 

Figure B-1. The transmitter projects light into the cloud, 

illuminating a region near the cloud base. A portion of the 

scattered light is picked up by the receiver, which scans along 

the transmitter beam. The light received normally reaches a 

-1
maximum near 0 = tan h/a, and thus h can be estimated as atan0. 

One disadvantage of rotating the receiver is that the mechan­

ical vibration is picked up by the sensitive photodetector. 

Another disadvantage is that other light sources can be intercepted, 
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FIGURE 8-1 SIDE VIEW OF A FIXED-BEAM CEILOMETER 

resulting in false responses. The rotating-beam ceilometer elim-

inates these problems by interchanging the receiver and the trans­

mitter, rotating the transmitting beam rather than the receiver. 

It also happens that current rotating-beam ceilometers scan more 

rapidly than fixed-beam ceilometers. However, the basic principles 

are essentially the same, and the same analysis holds for both 

instruments. 

The details of the physics of the scattering of light by the 

water drops in the cloud are extremely complicated. However, a 

first-order theory based on the assumption that any light scattered 

is scattered only once gives a computationally feasible approximate 

solution. Basically, this theory predicts that the luminous flux 
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entering the cloud will be exponentially attenuated. A certain 

fraction of the flux within the common volume of the transmitter 

and receiver beams is scattered back toward the receiver, being 

further attenuated as it returns through the cloud. In the next 

sections we set up the general equations based on this single­

scattering theory. 

3. Basic Relations 

Let a point source of light radiate a luminous flux of F 

lumens through a solid angle w. If an amount of flux dF passes 

through an area dA normal to the flow of flux subtending a solid 

2
angle dw = dA/r , then the illuminance E and luminous intensity 

I are given by 

dF
E = (B-1)

dA 

I = 

dF 
(B-2)

dw 

so that 

I
E = (B-3)

2 
r 

When an aerosol is illuminated with incident illuminance E, 

each volume element dv scatters light and looks like a point source 

of light. The luminous intensity varies with the polar angle �, 

but is independent of e (see Figure B-2). Specifically, 
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FIGURE B-2 BACKSCATTER FROM A VOLUME ELEMENT 

d I = I, ( cp) Ed v (B-4) 
s 

where l,(cp) is the angular volume scattering coefficient and is 
-1

measured in (steradian-meter) The actual value of l,(cp) depends 

on the wavelength of the light involved, the drop-size distribution, 

and the index of refraction for water. At this point we shall 

merely assume that l,(cp) is known. 

The total flux scattered dF is found by integrating dl over 
s s 

a unit sphere. Thus, 
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cpct cpct e dF 
s 

sin 

(B-5) 



where F is the luminous flux entering the volume element dv = Adx. 

If we defina the volume scattering coefficient o by 

cr " 21T /�(�)sin qxi� (B-6) 

0 

we have 

dF = OFdx (B-7)
s 

Since this represents flux lost, if we neglect absorption we can 

write 

F(x + dx) = F(x) - dF (B-8)
s 

or 

dF 
= -OF (B-9)

dx 

so that 

1 

- J cr(x)dx 

X 

F(x ) = F(x
0 

)e (B-10)
1 

Equations (B-4), (B-6), and (B-10) are the key equations. 

Equation (B-4) shows how incident illuminance is scattered in 

various directions. Equation (B-10) shows that the flux in a beam 
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of light decays exponentially due to scattering losses. Equation 

(B-6) relates the scattering to this decay. If we assume that all 

of the illuminance Eis due to the light beam, and none comes 

from light scattered elsewhere, we are ignoring multiple scattering 

effects, We shall make this assumption in the next section when 

we develop the general e quations for fixed-beam and rotating-

beam ceilometers. 

4 .  General Ceilometer Equations 

Let P be a point within the common volume of the receiver and 

transmitter cones as shown in Figure B-3, and let I be the luminous 
T 

intensity radiated in the direction of P. If a volume element dv 

subtends a solid angle dw , the flux received at Pis given by 
T

I I 

-So(r )dr 
0 

dF = I dw e (B-11)
T T 

where r' locates a point on the ray from T to P. If we write 
2

dw = dA/r , the illuminance at Pis given by 
T 

S 
I I 

- a( r )dr 
0 

E(r) e (B-12) 

By Eq, (B-4), the volume element at P looks like a point 

source having luminous intensity 
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dI = a(�)E(r)dv (B-13)
s 

The amount of flux received at R depends on the solid angle sub­

tended by the area of the receiver A .  Strictly speaking, we 
r 

should integrate dI dw over the entire solid angle subtended by
s s2 * 

A .  If A 
r 

/s is small, however, the received is given by 
r 

flux 

-

s 
r , ' 

A cos 1jr Jo(s )ds 
r 0

dF = dI e (B-14)
r s 2 

where 1jr is the angle between the line from P to R and the normal 

to A . Combining Eqs. (B-12), (B-13), and (B-14), we have 

r s 
I I I I-Ia(r )dr -Io(s )ds .I A cos 1jr

T r 0 0
dF = S(�) ---- e dv 

r 2 2 
r s 

and 

- o(r )dr - o(s )ds 
r s
I 'II I I 

Common 

0 0 
e dv (B-15) 

Volume 

* 

If we allow very low clouds and very low points P, this approxi-
mation breaks down. These equations then yield erroneously large 
values for the received flux. In using these equations, 
A cos ljr/s2 should never be allowed to exceed 2TT. 
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This is the general equation for the received flux for both 

rotating-beam and fixed-beam ceilometers. Since the scattering 

coefficients have been left as general functions of position, this 

equation accounts for atmospheric scattering, precipitation, and 

multiple cloud layers. We shall now turn to evaluating this inte­

gral for some special cases. 

5. Narrow-Beam RBC With One Cloud Layer 

Consider a rotating-beam ceilometer with a very narrow trans­

mitting beam having solid angle w ,  so that if a flux F is trans-
T T

2 
mitted, I =' F /w. The volume element dv = w r dr (see Figure

T T T T 
B-4). Because a changes from a in air to a in the cloud,

0 1 

0 
0 

r+o (r - r )  o 

<a r r r

I
r 

0 

a(r 
I)dr I 

0 

{ 

1 00 
>r r

, 
0 

Similarly, if� is small enough so that s=' h, 

I 
I 

h < h 
0 

0 

a(s 
I)ds 

(h - h ) h > h+ a
1 0 0 

Furthermore, if r � h/sin 0, 

I 
I 

f 
I 

l 
. -f(h)( + 1) 

sin e 

r s 

0 

a(s 
I)dsa(r 

I)dr --

0 . 
= e 

.
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FIGURE B--4 GEOMETRY FOR A NARROW-BEAM ROTATING-BEAM CEILOMETER 

Finally, taking t = O and�=== TT/2 + 0, we have from Eq. (B-15) 

F /w -f(h )(--
1
-+l),

T T sin 0 
F = --- A e w r 

2 
dr 

r 2 2 r T 
r h

Common 
Volume 

-f(h)( .
1 

+1)
sin e � 

= F A f \(!! + e 
T r  2 sin e 

hl 
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where h and h are the heights at which the transmitted beam
1 2 

enters and leaves the receiver cone, respectively. Note that 

both� and a vary with H. 

An exact evaluation of this integral is difficult. We must 

consider three cases: 

Case 1: h < h
0 

Case 2: h < h < h
1 0 2 

Case 3: h < 

o 1 

In Case 1 all received flux is due to air scattering. The 

equation for F breaks down for small 8 because of the solid-angle 
r 

approximation A cos tis , and must be interpreted with care. If 
r 

it is presumed that� is negligibly small for h < h , F can be
0 r 

neglected for Case 1. 

If a is significantly greater than a ,  Case 2 represents a
1 0 

transitional phase in which the received flux builds up to a peak 

at h = h . For Case 3, a small-angle approximation for a gives
1 0

h = a tan 8(1 + a tan 0)
2 

h = a tan 8 (1 - a tan 0)
1 
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2
and if we assume that the 1/h factor in the integral is roughly 

1/a 
2 

tan 
2

e, we obtain the approximate solution 

tan 9-h )( . 
l 

+1)0 sin 8 

Basically, this quantity is near its peak when h = h --
1 0 

i.e., when 

e = e + 6e
0 

2
where tan 0 = h /a and 68 � Ot sin 9 . It decays roughly exponen-

0 0 0
tially for larger values of eat a rate set by a o.

1 

In summary, the response for a narrow-beam rotating-beam 

ceilometer is shown in Figure B-5, where 

e + ()( 

-1 0
eo = tan 

a 

= e - ()( sin eo
min 0 

e = 
max 0 

sin eo 



max 

e 

.,,. f)8 
decay 

2 
88min 0 

f) max 
TA-793� -20 

00 
w 

FIGURE 8-5 CEILOMETER RESPONSE CURVE 



s(e 

e = sin e o sin e >decay ao 0 0
1 

sin e l+sin e 
o o

-2o -o a tan 

= 
+ 2:)F A

2 T r 
a e

o sin e01-sin e1 
o 

F 1 - e e 
max 2

sin e2 a 
o 

1 
a 

1 - sin e 
a 

There are only a few points to be learned from this analysis. 

The first is that even an approximate analysis of a simple case is 

difficult. The second is that the general features are clear--

a rapid buildup when the beams start to intersect in the cloud, 

followed by an exponential decay from the peak. Analysis of 

other special cases confirms this general behavior. 

While in principle the exact response could be obtained by 

numerically evaluating the integral in Eq. (B-15) for every value 

of 0, in practice this is needlessly wasteful of computing time. 

We propose to characterize the response by four parameters: 

0 . , 0 , 0 , and F Of these, 0 can be computed
min max decay max min

from simple geometrical considerations. 

From Figure B-6, 

+ y) = -----tan(e . 
0 

a+ h tan a
0

min 

or, using small-angle approximations, 

0 . = 0 - ( a sin
2 

e + y) (B-16)
min 0 o 
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FIGURE 8-7 GEOMETRY FOR COMPUTING Omax 
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where 

h
-1 0

0 = tan (B-17)0 

The calculation of 0 is less obvious. One suggestion,
max 

resulting from other special-case analyses, is that the maximum 

response will occur at or near the configuration shown in Figure 

B-7. Thus, 

h 
tan( e - y) = 

0 
max a - h tan CY

0 

so that 

0 = 0 + ( CY sin
2 

0 + y) (B-18)
max 0 

The exact nature of 0 is also complicated. However,
decay 

it seems reasonable to adopt the special-case solution: 

0 
1 

sin e <1 - sin (B-19)
decay acr 0 

This leaves only F to be deter mined. Approximations here 
max 

are much more suspect, and there appears to be no recourse to 

numerically integrating Eq. (B-15) to obtain an accurate estimate. 

In the next section we shall simplify this triple integral to a 

single integral, however. 
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6. Calculation of the Maximum Response 

The evaluation of F from Eq. (B-15) can be simplified by 
max 

assuming a convenient beam geometry. Probably the simplest 

assumptions are that the angles a and y are relatively small, 

and that the cross sections of the beams are rectangular rather 

than elliptical, so that any cross section of the common volume 

is a polygon of area A(h). If we assume that a and y are small 

enough to allow the approximations 

1/2 
2 2

)
• 

(

+e 

s = h (B-20) 

h a ( B-21) +r = 

(B-22)c.p= 2 

o

and 

(B-23) 

(see Figure B-8), then Eq. (B-15) simplifies to 

h
 

1 -g(h)
F e A(h)dh (B-24)�(c.p)I A

Tr 
J= 2 2 2

h (h
max 

+ a ) 

h 

where 

g(h) = + o (h - (B-25)[a h
0 0 1 
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We now turn to the calculation of A(h), the area of a cross 

section of the common volume. This calculation is simple but 

tedious due to the number of special cases that must be considered. 

The cross section of the common volume is the intersection of the 

cross sections of the receiver cone and the transmitter cone, 

and these can overlap each other in various ways. 

The cross section of the receiver cone is a rectangle with 

the dimensions shown in Figure B-9. Assuming that a and a' are 
2 /small, the area is approximately 4h QO', corresponding to a solid 

angle of approximately 4aa'. 

The cross section of the transmitter cone is a trapezoid, 

shown in Figure B-10, with 

h h 
.R. (h) == (B-26) 

T tan( e - y) tan( e + y) 

2
� 2hy/sin 0 (B-27) 

2 

for small y. Thus the area is approximately 4h yy ,
3 

/sin 0, which 

agrees with the fact that the solid angle is approximately 4yy I . 

In the following analysis we shall treat the cross section 

of the transmitter cone as if it were a rectangle of length £ and 
t 

width w , where 
T 

---
2hy'

w (h) == (B-28)
T sin e 

89 



B> 
:t 

EE 
� >1 

I -

-ts 

t h�2h tona� 

T 

1 
h 

FIGURE 8-9 PLAN AND ELEVA'TION VIEWS OF RECEIVER CONE 

, 

..... 

-� N ...... 

T 
C 

- - - - - -✓
0 

.s: I CZ) 

(I) 

j_ 

� h-----'.>f-

l 
h 

TA-793�-23 

FIGURE B-10 VIEWS OF THE TRANSMITTER CONE 

90 



The cross section of the common volume is then a rectangle of 

length£ and width w. Clearly, 

2hy'
w(h) = min(2ha', ) (B-29)

sin 8 

That is, 
I 

y
2ha I 

, 
if sin 8 < 

cf
w(h) = (B-30) 

2hy I I 

, 
if sin 8 >�

sin 8 Q' 

Clearly, if y' > a', then w(h) is always given by 2h0' 
1 

• However
1 

this corresponds to the unusual case in which the transmitting 

beam is broader than the receiving beam, and ordinarily there will 

be a crossover angle. 

As can be seen from Figure B-8, there are three distinct zones 

for computing the length £(h), depending on whether h is between 

To complicate things further, 

if O' is sufficiently small relative to y, h can be less than h .
2 1 

It can be shown that h > h if
2 1 

1 a
3 tan a+------ <­ (B-31)

tan( 8 + y) h
0 

or
1 

for small Y, if 

(B-32) 
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Thus, if y > a, then h is always greater than h . However, this
2 1

is the unusual case, and generally there will be a crossover value 

of h .  Exact equations for h ,  h ,  and h can be derived from the
0 1 2 3 

geometry and the relation defining our assumed condition for maximum 

response; 

0
tan( e - y) = (B-33)

a - h tan a
0 

which gives 

h + (a - h tan a)tan y
0 0 

tan e = ------------- (B-34)
a - h

0
(tan Ci+ tan y) 

The results for h h and h are as follows: 
1' 2' 3 

y) 

y )  

ah
0

h ( B-35) 
1 a - 2h tan Ci

0 

a tan( e +
h = (B-36)

2 1 + tan Ci tan < e + y) 

a tan( e +
h = 

- (B-37)
3 Ci tan( e + y)1 tan 

where 

tan(8 - y) + tan 2y
tan( e + y) = (B-38)

1 - tan( 0 - y)tan 2y 

These expressions are awkward to deal with and can be sim­

plified by the usual small-angle approximations to yield 
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2h 
h = h 

2 
0 

+- Q' (B-39)
1 0 a 

2 2
2(h + a ) 

h = h 
0 

(B-40)+ y2 0 a 

(B-41) 

It should be remarked at this point that these small-angle 

approximations can break down for large 8. In particular, h is
3 

infinite when 8 + y + Q' = TT/2, a fact that is recognized in Eq. 

(B-37) but not in Eq. (B-41). However, since scattering from the 

top of the common volume contributes little to F , this is prob-
max 

ably not significant. In fact, the approximations given above 

are probably preferable for numerical treatment. 

The values for £(h) can now be computed from the geometry 

of Figure B-8. 

h
2 

2a - ( 1 +( :J)2y] h
2 

h[� h
o 

Case 1: >h 
1 

h - h 
0 

a h < h < h
h 0 1 

0 

£(h) = 2h0' h < h < h
1 2 

' 
< h < h

3
a -
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h - h 

h 
a 

O 
2 

J,(h) = 2h[l +(:J } 

a - h[; 2� - (1 +(:)}Y]0 
-

This essentially completes the analysis for the maximum 

response for the rotating-beam ceilometer. F is found by inte-
max 

grating as indicated in Eq. (B-24), where I is essentially
T 

F /4yy', g(h) is given by Eq. (B-25), A(h) is given by the product
T 

of the w(h) of Eq. (B-30) and f,(h) of Eqs. (B-42) and (B-43), and 

h , h , and h are given by Eqs. (B-39), (B-40), and (B-41).
1 2 3 

So far we have done our calculations assuming a rotating-beam 

ceilometer configuration. However, the general equation for the 

flux received, Eq. (B-15), is the same for fixed-beam and rotating­

beam ceilometers. Furthermore, the geometry is the same, provided 

only that we now associate y with the receiver and a with the 

transmitter. In fact, the only thing that changes is that the 

transmitted luminous intensity I is now computed as F /4aa' rather
T T 

than F /4yy'. This is significant, since it indicates that for 
T 

maximum response it is aa 
I 

rather than yy I that we want to be as 

small as possible. 

Another significant point is that the cloud layer may be so 

thin that the final intersection point at h is outside of the
3 
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cloud. What this really means is that our expression for g(h) 

given by Eq. (B-25) is incorrect, since o drops back to o above
0 

the cloud. An approximate, but probably adequate solution is to 

stop the integration in Eq. (B-24) at the top of the cloud. 

Finally, there is the matter of light penetrating a lower 

layer and being scattered from a higher layer. Again, the solution 

is given by integrating Eq. (B-24), provided that the correct 

expression is used for g(h). If o* is the volume scattering co-

efficient in the lower layer of thickness t*, a reasonable 

approximation for the correct g(h) is 

g*(h) = g(h) + (o* - o )t*(� + 1) ( B- 44) 
0 sin 0 

Thus F can be obtained by integrating Eq. (B-24) as it stands 
max 

and multiplying the final result by the factor 

-(o*-o )t*(-
1
-+l)

0 sin 0 
(B-45) 

7. Precipitation and Refraction Effects 

Throughout this treatment we have tacitly assumed that S 

does not change very rapidly with� in the vicinity of the maximum 

response. Furthermore, we have assumed that o is sufficiently
1 

larger than o to cause the maximum response to occur near the
0 

base of the cloud. When the ceilometer response is due to preci-

pitation, neither of these conditions holds. 
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While the general equations hold for precipitation as well 

as for clouds, the point of maximum response is primarily deter­

mined by S. Typically, S(�) shows a pronounced peak near�= 139 
u 

(8= 49 
° 

). The exact angle for peak response varies with wave-

length, which is the well-known cause of rainbows. As usual, an 

exact integration of Eq. (B-15) is very difficult. However, a 

reasonable approximate solution can be obtained by taking S(�) 

outside the integral and by writing 

S(�)
F = F (B-46)

r S(� ) max 
max 

where� is the angle for which Sis maximum, and F is the 
max max 

value of F at 8 = 0 = � - TT/2. A little thought shows that 
r max max 

f can be computed exactly as described in the previous section,
max 

provided that h is determined from
0 

2
h = a tan 8 - a a tan 0 - y a sec 8 (B-47)

0 max max max 

and that a precipitation value for a is substituted for both o
0 

8. Summary 

The basic results of this analysis are summarized below. 

The geometrical parameters are illustrated in Figures B-11, B-12, 

and B-13. 
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Symbols Associated with Cloud Characteristics: 

a = Volume scattering coefficient for air
0 

a = Volume scattering coefficient for cloud
1 

�= Angular volume scattering coefficient for cloud 

h = Average base height 
0 

t = Average cloud thickness. 

Symbols Associated with Instrument Characteristics 

F = Transmitted luminous flux
T 

I = Transmitted flux intensity
T 

F = Received luminous flux
R 

A = Area of receiver 
r 
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a= Base-line distance 

0= Angle of inclination 

a, a'= Fixed-cone angles 

Y, y'= Rotating-cone angles. 

Angle Equations: 

sin eo 

e c1 -

h
-1 0e = tano a 

h
0

sin e = 
o 1/2

2 
( h�+ a ) 

e = e - a sin
2 e +

min 0 0 
y) 

2 
e + (ae = 

max 
+ y)o 

1 
0

sin sine
decay 

- eo)ao
1 

(

Height Equations: 

2
2h 

0
h = h +- a

1 0 a 

2 (h� + a
2

)
h = h + y2 0 a 

2 2
h � ( h� + a

2)y]= h +-ha+
3 0 a 0 

h = min(h , h + t)
4 3 0 
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Response Equations: 

� 

+ 2:)r A f 
4 

s(e 

if 

if 

,R,(h) 

if 

- 20' -
2
� 

] 

2 Tr 

h 

F 
max 

= 

max 
1 -g(h)

e .l(h )w(h )dh
2 2 2 

h (h + a )
h 

o 

\a2 )112
] 

g(h) = [o h + o (h - h
0)] [1 + 

( h 
2 

o o 

I 

< 1,2h0' 
I 

, 
sin 8 

max Q' 

w(h) = 

I2hy 
sin 8 

if sin 8 
max 

y' >-, 

max 

.l ( h) 
1 

h >h
2 1 

= 

h >h1, (h)
2 2 

h h- o 
a h < h <h

h 0 l
( o 

(h) h h < h < h 1'
1 1 2 

= r h <h <h
, 2 3+

O sin ea 
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ho 

2 2 

:[:o 2 - 2 Q' - � ] 
sin eo 

h - h 
0 

a h < h < h 
0 2 

-l :1
2hy 

n h < h < hP. ( h) 
2 1 

h < h < h
, 1 

If a layer of thickness t* and volume scattering coefficient o* 

intervenes, multiply the expression for F by
max 

- ( o *- o ) t *( l + l) _sin 0 0 
max 

Relations for Fixed-Beam Ceilometer: 

1 

Cl', Q' = Transmitter cone angles 

Y, y I = Receiver cone angles 

Relations for Rotating-Beam Ceilometer: 

a, a'= Receiver cone angles 

Y, y I 
= Transmitter cone angles 

I = --:---, 
4yy T 
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Appendix C 

SIMUI.ATION OF VERTICALLY POINTING RADAR CEILOMETERS 

1. Introduction 

Like optical ceilometers, radar ceilometers sense the pres­

ence of clouds by detecting the electromagnetic energy scattered 

back from a transmitted beam. Although the basic physics is 

essentially the same, the differences due to wavelength, geometry, 

and pulsed instead of continuous-wave operation require separate 

simulation equations. In this appendix we shall derive the 

equations used in simulating the major characteristics of 

vertically pointing radar ceilometers. 

2. Qualitative Characteristics 

A single-antenna, vertically pointing radar transmits a 

powerful short-duration pulse of electromagnetic energy directly 

upward. Soon after the pulse leaves, the antenna is switched to 

a sensitive receiver tuned to the frequency of the transmitter. 

If the pulse travels in a straight line at the speed of light c, 

a target at range r will return an echo to the receiver after 

the time 2r/c required for a round trip. The target range is 

thus determined, provided that the power received exceeds the 

minimum detectable signal. 
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The received power is affected by a number of factors
) 

in­

cluding the transmitted power
) 

the area of the receiver antenna
) 

the duration of the pulse
) 

the wave length
) 

the target range
) 

the scattering properties of the target
) 

and the attenuation of 

the wave as it passes through the medium. For atmospheric targets
) 

the received power is subject to numerous disturbances due to the 

random or quasi-random distribution of scattering particles
) 

and 

various sources of noise. Thus
J 

in the following analysis it is 

to be understood that we are speaking of average power
) 

and that 

only the most significant effects are taken into account. 

3. Basic Relations 

Derivations of the basic radar equation for scattering by 

clouds and precipitation can be found in various references 

(Austin
) 

1947; Battan
J 

1959; Hansford
) 

1960). We sketch a 

derivation here primarily to define notation and to expose some 

of the approximations involved. Let the transmitter emit a 

pulse having peak power P 
J 

time duration T 
J 

and wavelength A.
T 

The antenna directs this pulse along a cone of solid angle 

w � 0 � where 0 and m are the 3-dB horizontal and vertical
T b b b Tb 

beam widths in radians. As the pulse moves away
) 

the power per 
2

unit area decreases with range r like P /w r . Were the pulse
T T 

to strike a target of cross-sectional area A that scattered the
t 

incident power isotropically
) 

the scattered power P received by
r 

the antenna would be given by 
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P A
T t r 

p (C-1)
r 2 2 

W r 4TT r
T 

where A ,  the effective area of the receiving antenna, is assumed 
r 

2 
to be small relative to r This equality can be expressed in a 

more illuminating form by introducing the antenna gain G, where 

G (C-2) 

It can be shown (Ridenour, 1947) that the gain of a uniformly 

fed aperture is given by 

4TT A 
r 

G = (C-3) 

Since antenna dimensions are often selected to yield a desired 

value for G (beamwidth) at the operating wavelength, it is con­

venient to use these relations to eliminate W and A from
T r 

Eq. (C-1) and obtain 

p
T 

p (C-4) 
r 3 4

( 4TT) r 

For meteorological purposes, this basic radar equation must 

be modified to account for (1) nonisotropic scattering by par­

ticles in the pulse volume, and (2) attenuation of the signal by 

scattering and absorption. The conventional way to handle non­

isotropic scattering is to introduce a backscattering cross 
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section per unit volume cr for a particle of diameter ct .. By
i 1 

definition, the target area A for particles of diameter d
i i 

occupying a volume Vis 

A = O V (C-5)
i i 

When there is a distribution of particle sizes, with n particles
i 

per unit volume having diameter ct., the target area A is given by
1 t 

n cr v (C-6)
i i 

Consider now the reflected power reaching the antenna at 

time t, where t is measured from the time that the end of the 

pulse left the transmitter. Clearly, that part of the power re­

flected from the end of the pulse is due to particles at range 

ct/2, and that part reflected from the start of the pulse is due 

to particles at range c(t + T)/2, where T is the pulse duration. 

Thus, the total power received is due to particles in what is 

approximately a rectangular parallelepiped whose length is cT/2 
2 * 

and whose cross-sectional area is 8 � r .  Thus,
b b 

V = 8 � r 
2 

cT/2 (C-7)
b b 

We are assuming that the pulse volume is sufficiently small 
that properties such as the drop-size distribution can be con­

sidered to be constant. This may not be true at the edges of 

clouds or at great ranges where a cloud only partially fills 

the beam. The effects of pulse length, beam width, and side 

lobes are discussed by Battan (1959). 
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and) from Eqs. (C-4) and (C-6)) 

cT Tl 

p (C-9) 
r 3 2

128 TT r 

where the reflectivity per unit volume Tl is given by 

Finally) we must account for attenuation of the signal due to 

atmospheric losses. In a uniform medium ) scattering and ab-

sorption subtract a fixed percentage of the power propagating 

through the medium. If a is the fraction of power removed per
a 

unit distance) the power transmitted over a range r is reduced 

-Ci raby the factor e If the attenuation rate Ci varies with 
a 

range) the exponent Ci r must be replaced by the integral of� 
a a 

over the path. Finally) taking into account the round-trip 

transmission of the signal) we obtain the desired equation 

2 
A 

2
P G 8 cp cT Tlk 

T b b 
p = (C-11) 

r 3 2
128 TT r 

where the transmission factor k is given by 

fr I I

-2 a (r )dr
• O a

k = e (C-12) 

Note that dimensionally Tl is an area per unit volume) and is 
-1frequently measured in cm . 
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4. Response to a Single Cloud Layer 

If we combine those factors in Eq. (C-11) that do not depend 

on range, we obtain 

I

C -2 s� ct (r') ctr (C-13)
= 11( r) e a 

r 2 
r 

where 
2 2

G 'A 0 cp cT 
t b b

C (C-14) 
128 TT 

Thus, the variation of P with range depends on three factors,
r

the r 
-2

decrease, the particle reflectivity per unit volume 11, 

and the attenuation rate ct .  Consider the case of a single cloud 
* 

a
layer whose base is at height r ,  and whose top is at height� 

1 1 

If we assume that 11 is 11 in the cloud and negligible outside, 
1 

and that ct is ct in the cloud and ct outside, we obtain 
a 1 0 

0 0 < r < r 
12 

1 -2ct1(r-r ) r < r <  r (C-15)
= e 1 1 1 

r p 1(: ) 

0 r < r 

where 

(C-16) 
= 

* 

If the cloud base is irregular, we take h to be the average
1

base height within the transmitter cone. 
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Thus, the response to a single cloud layer is characterized 

by four numbers, P ,  r ,  �, and� . The computation of the re-
l 1 1 1 

sponse for a single layer is equivalent to the computation of 

these four parameters. Since r is the only quantity that
1 

changes in our model, this means that the only computation of 

consequence is that of P . While Eq. (C-16) is acceptable for
1 

that computation, an even simpler procedure is to use the average 

value of r ,  r , to compute P once, and thereafter compute only
1 1 1 

changes in P by
1 

dP 

6 p = 
1 

6 r (C-17)
1 dr 1 

1 

or 

( C-18) 

5. Response to Two Cloud Layers 

Because less energy is scattered at radar wavelengths than 

at optical wavelengths, a weather radar frequently penetrates 

two or more layers of clouds. In our simulation, we have re-

stricted our attention to the response from the lowest two 

layers, although it would not be difficult to extend the tech­

nique to treat an arbitrary number of layers. Consider the 

case of two cloud layers, the first extending from r to�,
1 1 

and the second from r to r . Let� be� in the first layer,
2 2 1 
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n in the second layer) and negligible elsewhere. Similarly
2 )

let Q' be er- in the first layer
a 

er-) in the second layer) and 
1 2 

er-
0 

elsewhere. Then) from Eq. (e-13)) 

0 0 < r < r
1 

2 
- 20' (r-r)

1 1 1 r < r < 
p e 1 1

1 (:) 
 = 2 (e-19)
r -2Q' (r-r) · 2 1 2 

p e r < r < r 
2 (:) 2 2 

0 r < r 
2 

p

where 

ell -20' r
1 0 1 (e-2 0)

p = e 
2 

r 
2 

and 

ell -2 (Cr' -0' )(� -r) + Cr' r (e-2 1
2 [ 1 0 1 1 0 ] 

)
2 p = e 

2 2 
r 

2 

These results ar� illustrated in Figure e-1 . Note that the 

abrupt changes in reflected power at the cloud boundaries result 

from our simplifying assumption that the pulse length is short. 

If desired) a more accurate curve can be obtained by averaging 

these results using a window of length c T/2 . 

6. Recovery-Time Effects 

Because a certain time must be allowed to elapse between the 

time the pulse is transmitted and the receiver can be used) 
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, ____________ ____________ , 2 

TA-7935-12 

FIGURE C-1 RADAR RESPONSE TO TWO CLOUD LAYERS 

targets closer than a corresponding minimum range r . cannot be
min 

detected. Of course, if the clouds are beyond r . , this prob-
min 

lem does not arise. However, since the simulation program treats 

rain as a zero-altitude layer, this minimum range is obviously 

important here. For the general two-layer situation, five cases 

arise that call for various degrees of modification of Eqs. (C-19) 

through (C-23). 
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Case 1: r < r
min 1 

Here no modification� are needed. 

Case 2: r < r < r
1 min 1 

Here the response for the first layer starts at r
min 

rather than r 
J 

and P should be replaced by
1 1 

--

-2[
ct r +a (r -r )] 0 1 1 min 

c11* 
1 

(C-24)
1 

p 
1 e

2 
r

min 
with 

* 

p = 2 p (ct - ct) 6 r (C-25)
1 1 0 1 

<Case 3: r < r r
1 min 2 

Here no response is reported for the first layer. 

Case 4: r < r < r
2 min 2 

Here no response is reported for the first layer
J 

and 

the response fot the second layer starts at r
minJ 

replaced by 

CT] -2 tct -ct ) (i- -r )+ar +a (r -r )
* 2 1 0 1 1 0 2 2 min 2] 

p = (C-26) 

min 

with 
* * 

6 p = 2 p [<a - ct ) t:. r + (ct - ct)b.r] (C-27)
2 2 l 0 1 2 0 2 

Case 5: r < 
min 

Here no response at all is reported. 
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Begin CLOS 

YES 

TA-7935-14 

APPENDIX D PROGRAM FLOW CHARTS 

Main Program 

CLDS 
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<..:LOS (Continued) 

STOP
NO 

cau RASET 

1n1t1al1z.e 

RADAA 

'-----'------' ,o 

TA-7935-28 

APPENDIX D PROGRAM FLOW CHARTS continued 
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CLDS (Continued) 

To 3-br, 

Ti■e Loop-------< 

TA-7935-29 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine TYPEl 

Check to see that : 
(I) Codes in range 1-i:; 
(2) No. instrwaents s 10 
(J) No. layers s 5 
(4) Lay!!rs ordered by height 
(5) Cloud/Hole amount s 25 ra/suc 
(6) 2.5 m/sec s: cloud speed s 26 m/•ec 
(7) Max. altitude S 1.5 km 
(8) Standard deviation ,c;: .5 lea 
(9) Sampling interval � 6 sec 

(10) Cone angles s 10• 
and 

Print appropriate error rncssages 

NO 

Write 
layer 

pa ram•. 

RITURM 

TA-7935-32 

APPENDIX D PROGRAM FLOW CHARTS continued 

Bogin TYPEl 
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Subroutine FLUX 

Begin FLUX 

Compute
rotating-beam 

angular 
parameters 

To variation 
loop 

To layer 
loop 

To instrument---� 
loop 

RETURN 

Bstablhh 
intervala and 

ranee for 
variation froa 

mean hei1ht 

Cca.pute para■eter• 
needed for intecration: 
heJ.&bts, widths, etc. 

TA-7935-33 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine atlDiT 

Begin CIUENT 

Rotate 

instruaent 

coordinates; 

convert x-axis 

to t iae-axis 

RETURN 

TA-7935-30 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine CLOUDS 

Be& in CLOUDS 

Initialize; 

transfer previous 

cloud 1-s• to ISXY. 

pick up initial 
randoca nWlber. 

senerate 

(1) Cloud loca Uon 

(2) Cloud diaensions 

TA-7935-31 

APPENDIX D PROGRAM FLOW CHARTS continued 
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CLOUDS (Continued) 

NO 

TA-7935--36 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine ORDDl 

Compute base addresses 

for arrays storing ordered 

segments and their counts 

NK = no. sepents to be ordered 

IKT "' base address of unordered arrays 

XTr • base address of ordered arrays 

TlT = starting time of initial ser■ent 

T2T • endine- time of initial secment 

YBS 

Clear unordered aepent arraya; 

zero count;, update array 

storin1 coW\t of ordered s..-.ents 

RBTURN 

TA-7935-37 

.APPENDIX D PROGRAM FLOW CHARTS continued 

Be&in ORDIB 

121 



Subroutine BA.SE 

Basin BASE 

Pick up cloud 
para■eter11: 

std. dev., ■ean, 
speed, cor. dist., 

thickness 

Cc.pute bound• 
on cloud 

heicht, 
BHl and 8KB 

Pick up 
proper 
initial 
randca 
nuaber 

APPENDIX D 

Coapute other useful 
constants, includina: 

HK • number of Se(raent s 
KTr • pointer to sec■ent array 
DT • ■ini■ua ti■e step 
MKS • no. beichts tO avera1e 
TW • half time of averaginc window 

�=�� 
HA • last averare heicht 
N • pointer to window array 
Hl • last instantaneous hei&ht 
TlT • sepent startinc ti.Jle 
T2T = ser■ent endinc ti■e 

nerate next 
inatantaneoua 

bei&bt 

30 

RmJRN 

TA-7935-34 

PROGRAM FLOW CHARTS continued 
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BASE (Continued) 

TA-7935-35 

APPENDIX D PROGRAM FLOW CHARTS continued 



BASE (Continued) 

t:ntry BA.SET 

Initialize 

instantaneous 

and averaco 

heicht arrays 

to aean heicht 

Rll'nJIU( 

TA-7936-40 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine OPTIC 

Begin OPTIC 

Set array pointers; 

compute total 

number of sampling 

YES 

NO 

NO 

To measurement 

loop 

RmJRN 

TA-7935-41 

APPENDIX D PROGRAM FLOW CHARTS continued 
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CFTJC (Continued) 

Entry CPSE'T 

>-'""'•e,_dae,r➔►IG 

coapute •nd store 
tenu that are a 

function of the 
tnstruaent and layer 

only 

TA-7935-38 

APPENDIX D PROGRAM FLOW CHARTS continued 
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Subroutine RADA.R 

Compute total 
number of 

aampline points, 

Ill', and 

sampl in& t iae 

ES 

Set response Set response 
to 99 to ■inia� 

ranse 

To aMaurNent 

loop 

TA-7935-39 

APPENDIX D PROGRAM FLOW CHARTS continued 

Begin RAD,,\R 
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RAOAR (Continued) 

Entry RASET 

Compute new 

power reduction 

factor tor layer 

Rl!TtlRN 

TA-7935-43 

APPENDIX D PROGRAM FLOW CHARTS continued 

128 



129 

Subroutine ADJUST Subroutine PROFILE 

Becin ADJUST Becin PROFILE 

Rffl/Rlf 

amnur 

T A-7935-44 

APPENDIX D PROGRAM FLOW CHARTS concluded 



Subroutine COVfll 

Begin COYDt. 

Rl!T\/RN 

Internal return 

TA-7936-42 

APPENDIX D PROGRAM FLOW CHARTS continued 
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PROGRAM CLOS(INPUT■OUTPUT■TAPE41,TAPE46) 
C THIS PROGRAM GENERATES CLOUD FIELOS■CLOUD SASE HEIGHTS ANO 
C CEILOMETER RESPONSE CHARACTERISTICS OYER 3 HOUR TIME PERIODS 

C UNTIL THE TOTAL SPECIFIED TIME (TT) HAS BEEN EXCEEDED■ 
COMMON/COUT/ NLJNF,MTAPE,NCALC,NOUT

COMMON/CSAL/TSCALE,YSCALE
COMMON/CRNG/ RN,ASr■AAT 

COMMON/CTEX/ XT■TO■T9 
COMMON/CMAX/TMI■TMA.Y�l■YMA,TMR,YMR,TS,Tl0 

COMMON/CXYI/Tl<IOl■Yl<lO),XIS(lOl,YIS(lO) 
COMMON/CXAE/KN()Ol■TB(2000)■TE(2000)■MTB 
COMMON/CX12/Tl( SOOOl,T2( 50001,KNL(SOl■MTl
COMMON/CELX/ OELX■OOT,BST
COMMON/CBSH/ CRESP(40001,LRESP(4000) 
COMMON/CTJM/ TT.Tn,cBT(lO),CET(lO) 
COMMON/CCOD/ LCOO(lOl■ICOO<lO>
COMMON/CTYP/ LTYP<l�l■ITYP(lO) 
COMMON/CASH/ CAM(lOl,CML(lO),CAR(JOl,COR(lO) 
COMMON/CLOC/ CTH(lOl,CBH(lOl,CBSO(lO>,CBCO(lOl,CSP<lOl,CSC(lOI 

COMMON/CCAT/ CAT(JOl,CRF(JOl
COMMON/CFLX/ MM,NN,FON,FXH(ll00l,RATBS(200) 
COMMON/CCEIL/TIS(101■TFX()Ol,TR0(101,RAR(l0l,TA1(101,TA2<101, 

2 RAl(}Ol,RA2(101
COMMON/CANS/ RNS(�OI 

1 FORMAT <311 Ol 
2 FORMAT(2110,4Fl0■51 

3 FORMAT(21l0,6Fl0.5/�F10■5l

4 FORMAT(21I0,3Fl0,5/7Fl0■5)
5 FORMAT(BF}0,51

C AEGINNING OF AASJC CONSTANT SPECIFICATIONS 

OELX=O,Ol5S Tlo=10.o, T5=o.5•Tlo 
T0•3,0S TOl=l,0/TDS DDT:TlO•TDI 
TMl•O.OOS TMA=T10, YMl=-s.oo, YMA= 8,00 

TMR=TMA-TMJS YMR:YMA-YMI 
C BEGINNING OF READ TN OF CARD DATA INPUT 

REAC I,NLINE■NTAPF,�CALC
IF (NLINE+NTAPF,NF,01 NOUT=l 
IF (NCALC,LT,11 GO TO 20 

SCAL=30.0S SCAS =SCAL•s.o 
CALL PLOTS(SCAL■0,,461$ CALL PLOT(l,5,1,5,-31
YSCALE=l,OS TSCALE=YSCALE•l0.0/16,0

TOR•-TMl/TSCALES YOR=-YMI/YSCALE+7,0•YSCALE 
CALL PLOT(TOR,YOR,-,1
CALL LINESET(TSCALE■YSCALE■0,0,0,01

20 READ ?,NL,Nl,RN,TT,ASC,AAT

00 30 L=l,NLS Ll=(I -ll*40•U L2=Ll•36 

READ 1• LCOD(Ll,LTYP(LltCBT(Ll,CET(Ll,CSP(LltCDR(Ll,CAM(Ll,CML(Ll 
2 ,CAR(Ll,CTH(Ll,CAHILl,CBSO(Ll•CBCD(Ll,CSC(Ll,CAT(Ll,CRF(Ll

READ S,<RATBS(LX),LY•Ll•L?I
IF (LTYP(L) ,N�,O) GO TO 30 

LTYP(Ll=ls IF ( CAM(L),LE,0,51 GO To 30 
LTYP(Ll=-lS CAM(Ll•l.O-C4M(LI

30 CONTINUE 

ISYP=OS DO 35 I=l■�I 
READ 4,ICOO(l1 ■ITYP<Il ■XlS(Il ,YtS(ll ,TIS(ll ,TFX (II ,TRO(II ,RAR(ll t 

?. RAl(I),RA2(Tl,TAl(T),TA2(11

IF (ITYP(J),GT.?l TSYP=ISYP+l 

APPENDIX E PROGRAM LISTINGS 
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35 CONTINUE 
CALL TYPE] (NL.NJ, TRRl 

IF CIRR.NE.Ol GO TO 888 

NR=XNR=TT/TO+lSIF (�NP.GT.NR) NR=NR+lS NRl=NR+l 

CALL BASET(NL,NJ,Ol

IF CNOUT.F.:Q.1.ANO.I�YP.LT.NII CALL FLUX(NL,Nll
IF CNOUT .EQ.l .ANO. !�VP.LT .Nil CALL OPSET CNL,NI ,el· 

IF (NOUT.EQ.l.AND.ISYP.GT.Ol CALL RASETCNL,NI,tl

C REGINNING OF 3 HOUR TIME STEP LOOP. 

SO 00 200 N=l,NR $ Nl=N-1 
C BEGINNING OF LOOP FOR GENERATING CLOUD LAYERS. 

MTB=2000/NI$ MTl:5000/(NI•NLl
00 100 L=t.NL 

XNB=CBT(Ll•TOI+o.,s XNE=CET(L)•TOI•O.s

TO=(XNB-Nl l•TlOS T9:(XNE-Nl l•TlO 
IF <TO.GE.TlO.OR.T9.LF.O.Ol GO TO 100 

SSP=CSP<LlS SDR=CDA(LlS XT=OOT/SSP

CALL ORIENT(SOR.Ntl

CALL CLOUDS(CAC.NI,N,L,IRRl 

IF (NCALC.GT.l) CALL REEL<SCAS,0.,999)

IF (IRR.NE.Ol GO TO 888 

CALL ORDER<L,NI,IRRl
IF ( IRR.NE .Ol GO TO 888 

100 CONTINUE 

IF <N.EQ.1l GO TO ti::.o 

C BEGINNING OF LOOP FOA GENERATING CLOUD BASE HEIGHTS ANO CEILOMETER 

C CHARACTERISTICS. 

N3= lt DO 125 1=1.NI 
CALL RASE(NL,NI,ll

IF <NOUT.FQ.l.ANO.ITYP(ll.LT.31 CALL OPTIC<NL,NI,N,Il 

IF (NOUT.FQ.l.AND.ITYP(I).EQ.3) CALL RAOAR(NL,NI,N,ll

IF (NCALC.LT.ll r,o TO 12<;
CALL PROFJL<NI,I,N,N3)

IF (Nl.LT.1.AND.I.NF.Nll GO TO 123 

N3=0 

CALL AEEL<SCAS,0 •• 9991 

123 N3•N3+1 

125 CONTI lliUF.: 

1S0 CONTI"'IUE 

CALL ADJUS<NL,Nil

200 CONTINUE 

GO TO 999 
800 FOR�AT (2X,•F.RROR STOP, NO OF ERRORS =*,13)

888 PRINT 800,IRR 

999 CONTINUE 
STOP 
END 

APPENDIX E PROGRAM LISTINGS continued 
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SUBROUTINE TYPEl!NL.NI.IRRl 
C THIS SUBROUTINE CHECKS ANO PRINTSOUT INPUT DATA. 

DIMENSION RNR(300l
COMMON/CRNS/ RNS(�Ol
COMMON/COt>T/ NLINF.NTAPE,NCALC,NOUT
COMMON/CRNG/ RN,ASC,AAT 

COMMON/CXYI/TT (10) ,YI <101 ,XIS!lOl ,YIS!lOl 

COMMON/CTIM/ TT,TD,CRT(lOl,CET!lOl
COMMON/CCOD/ LCODclnl,ICOO(lOl 
COMMON/CTYP/ LTYP!lOl,ITYP!lOI
COMMON/CLDC/ CTH(lOl,CBH(lOl,CBSO!lO),CBCD(lOl,CSP!lOl,CSC(lOl 
COMMON/CASH/ CAM(lO),CML(lOl,CAR(lOl,CDR(lOl 
COMMON/CCAT/ CAT!lOl,CRF!\01
COMMON/CFLX/ MM,NN,FON,FXH(ll00l,RATBS!200l
COMMON/CCEIL/TIS!lOl,TFX(lOl,TRD!lOl,RAR!lOl,TA1(101,TA2(101,

2 RAl ( 101 ,RA2( 101 
1 FORMAT ( IHI l 
2 FORMAT!lH0,46X,26HCt.OUO LAYER CHARATERISTICS/l
3 FORMAT!lH0,46X.25HCFILOMETER CHARATERISTICS/l
4 FORMAT(lH0,52X, 5HUNITS//45X,17HOJSTANCE IN KM /45X,

2 13HTIME IN HOURS/ 45X.23HSPEEO IN METERS PER SEC/45X,
3 16HANGLF IN OEGREES/45X,25HCLOUO AMOUNT lN FRACTIONS)

5 FORMAT(lH0,30X,•BASF RANDOM NO SCAT COEF-AIR ATTEN RATE-
2AIR*,/3lX,3(FJ0.3.lnX)I 

8 FORMAT(45X,•TIME TNTERVAL s •,F7.2l
9 FORMAT(45X,•TOTAL TTME s •,F7.2l

10 FORMAT(lHOl
11 FORMAT (l}QH COOE TYPE AMOUNT LENGTH ASP RATIO T 

2HICKNESS RASF HT RASF SO COR 01ST SPEED DIR T REG 
3 T ENO) 

12 FORMAT(2X,I3,3X,13,llFl0.3)
13 FORMAT !llOH COOE TYPE X LOC Y LOC T INT(MTN)

2FLX INT T-R DIST REC DIAM(Ml TRANS ANGLES REC ANGLES 
14 FORMAT (7�H CODE TYPE X LOC Y LOC T INT(MJN)

2RAD CON MIN Ar, REC ANGLE)
15 FORMAT(lH0,40X,33HSTMULATEO CElLOMETER MEASUREMENTS/)
16 FORMAT(SOX,•TYPE 1 = FIXEO BEAM•,/50X,•TYPE 2 = ROTATING BEAM•,/

2 50X,•TYPE 3 = RAOAR•l 
17 FORMAT(SOX,•TYPE 1 = CLOUOS•e/50X,•TYPE -1 s HOLES•> 
22 FORMAT(2X,I3,3X.I3.�Fl0•3,3X,E9.2,FR.3,5Fl0.3l 
23 FORMAT(lH0,3X•

1 •SCAT C ATTEN R REFL(Xl0+6l RATIO-BETA/SIGMA*,/lX,
2 3Fl0.3,RF10,5,/(31X,8Fl0.5ll 

30 FORMAT(2X,•LAYER OR CEILOMETER CODE NO GREATER THEN 15•1 
31 FORMAT(2X,•NO, OF CFILOMETERS GREATER THEN 10•)
32 FORMAT(2X,•NO, OF LAYERS GREATER THEN 5•1 
33 FORMAT!2X,•RECETVFR OR TRANSMITTER ANGLE GREATER 10 DEG•> 
35 FORMAT(2X.•LAYERS NnT IN ORDER OF INCREASING CLOUD BASE HEIGHT•> 
36 FORMAT(2X,•CLOUO OR HOLE AMOUNT GREATER THEN O.R•I 
37 FORMAT(2X,•CLOUO �PEEO LESS THEN ?e5 MPS OR GREATER THEN 25 MPS•l 
38 FORMAT(2X,•MEAN CI_OUO BASE HEIGHT GREATER THEN 1.5 KM•l 
39 FORMAT(2X,•S O OF CI.OlJO BASE t'EIGHT GREATER THEN 0eS KM•l 
40 FORMAT(2X,•CEILOMETFR SAMPLING TIME LESS THEN 6 SEC•> 

701 FORMAT(2110,4Fl0,5l
702 FORMAT(?ll0,6Fl0,5/AFJO,Sl 
703 FORMAT(21l0,6Fl0,5/4Fl0,5)
704 FORMATIAFl0,5l

DTAs3,l415927•0,25*0,00l•O,OOl 
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AM=RN$ IF (R"I.LE.o.o, RM=l 
A0=2••1A+JS �2=2••�2 

00 43 I=l,JOOS Al=AM•ROS RM•AMOO(Rl,R2l
IXN=-�LOGlO(RMlS AM=O.l*RM•<lO.o••IXN)

43 RNB(ll=AM

00 45 L=l,NLS LC=tCOO<LlS RNS(Ll=RNB(LCl
00 45 l=l ,NU IC=I,OO(ll

ILNA=NL•I•LS ILC0=15•IC•LCS RNS(ILNAl=RNA(ILCDl

45 CONTINUE 
PRINT li PRINT lnS PRINT 10 
PRINT 15 
PRINT lOS PRINT 1� 
PRINT 4 

PRINT lOS PRINT 10, PRINT 9,TTS PAINT lOS PAINT 8,TO
PRI,._T lOS PRINT 5,RN,ASCtAAT
PRINT U PAINT 101 PAINT 10 
PRINT 2 

PRINT lOS PAINT 17 
PRINT lOS PRINT 10 
00 100 L=l,NLS Ll=<L-ll•4n+lS L2=Ll+36S PRINT 11 
PRINT 12,LCOO(l),LTYP(Ll,CAM(Ll,CML(ll,CAR(ll,CTH(Ll,CBH<Ll,

2 CRSO(Ll,CRCD(Ll, CSP(ll,COR(ll,CBT(ll,CET(ll
PRINT 23,CSC<Ll,CAT<Ll,CRF(Ll,(RATRS(LXl,LX=Ll,L2l

100 PRINT lo 

PRINT li PRI"'T loS PAINT 10 

PRINT 3 
PRINT lOS PRINT 16 
PRINT lOS PRJNT JO 

DO 200 1=1,NI
IF <ITYP(t).GT.2l GO TO 1<15 
PRlll<T 13 
PRINT 22, T COD ( J l , TTYP ( t l , XIS ( Jl , Yt S < Il •TIS ( I l , TFX ( I l , TRO ( I l , AAR ( I l 

2,TAl<tl,TA2(ll,RAl(Jl,RA2<ll
GO TO 200 

195 PRil'<T 14 

PRI NT 22, t COD ( I l , J TYP ( I l , XIS ( I l , YI S ( I l , TIS II l , TFX ( I l t TRO II l , RA l ( I l 
200 PRINT 10 

IF (NI,LT, l ll GO Tl) 5?. 
PRINT 31SIRR=IAR•l 

52 IF (NL,L T .61 GO TO 'i4 
PRINT 3?.S IRR=IRR+l 

54 CONTINUE 
00 70 L=l,NL
CRF<Ll=l,nE-6•CAF<Ll
IF <LCOD(Ll ,LE, 151 r.O TO 62 

PRINT ]OS IRA:IRR•l 

62 IF <L.EO. l l 1;0 TO 64S IF !CBH(Ll.GT.CBH<L-lll GO TO 64 

PRINT 35S IRR=IRR+l 
fi4 IF <CAM(Ll.LT.n.Bl GO TO 66 

PRINT 36$ IRR=IRR+l 

66 IF (C5P(Ll.GF..?.S.AND.CSP(Ll.LE.25.0l GO TO 68 
PRINT 37S IRR=IRR+l 

68 CSP(Ll=3.6•C5P(ll

IF (CHH(Ll.LF.1.51 GO TO 69 

PRINT Jes IRR=IRR•l 

69 IF (CASD(L).L�.o.s> GO TO 70 

PRINT 39S IRR=IRR•l 

70 CONTINUE 
DO 80 l=l,NI 
RAA(ll=DTA•RAA(ll•AAR(ll
IF <RAl(Il.U::.10.n.ANO.TAl(l).LE.10.o, GO TO 76 
PAINT 33S IAA=tRA•l 
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76 IF CICOD(J).LF..15> i;o TO 78 
PRINT 30$ IRR=IRR+l 

78 IF CTISCI) 0 GE.O.ll GO TO 80 

PRINT 4�S IRR:IRR+l 
80 TISCil=TI�Cil/60.0 

IF CNTAPE.NE.ll GO TO 300 
WRITE (41,701) NloNJ,RN,TT,ASC,AAT
DO 22n LzJ,NL� L1z1L-ll•4o+IS L2=Ll+36 

WRITE (41,7021
2 LCOD!Ll,LTYP(Ll,CRTCLl,CETCLl,CSP(Ll,COR(Ll,CAMCLl,CML(ll
2 ,CAR!Ll,CTH!Ll,CAH!LloCBSO(Ll,CBCD<Ll,CSC(Ll,CATCLl,CRFCLI 

WRITE (41,704) (RATAS(LX1,LX=Ll,L21 

220 CONTINUE 
00 230 I:z},NI

230 WRITE (41,703>
2 I COO CI I , ITYP CI l , XIS ( I l , YI S < I l , TIS CI l , TF X ( I l , TRD ! I l , RAR ! I l , 
? RAl (I) ,RA2(1) ,TA} (I) ,TA2Cll 

300 CONTINUE 
RETURN 
ENO 
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SUBROUTINF FLUX!NL•MI)
C THIS SUBROUTINE COMPUTES AND STORES VALUES OF THF MAXIMUN RECEIVED 
C FLUX AS A FUNCTinN OF Cf.ILOMETER AND LAYER CHARACTERISTICS 
C ANO CLOlJD RASE HFIGHT (BASED ON EQ ?,-24) • 

COM�ON/CRNG/ RN.ASr.AAT 
COMMON/CFLX/ MM.NN.FON.FXH(ll00),RATBSl200)
COM�ON/CTYP/ LTYP!lO)oITYP!lO)
COMMON/CLOC/ CTH(ln>.CBH!lOl,CHSO!lO>,CBCD!lO>,CSP(lO>,CSC!lOl
COMMON/CCEIL/TISl10l•TFX(lO),TRDl10),RAR(lOl,TA1110l,TA2110l, 

2 RA1110),RA2110l
MM=20i NN=l00S FON=l.O 
ACR=0.0174533$ RCA=lo0/ACRS MMl=MM+l 
DO 400 I=l,NIS TF IJTYP(J).GT.2) GO TO 400$ J=II-ll•NL•MMl+l 
OzTRDll>S Dl=l 0 0/n$ D�=D•o 
IF IITYP(l),GT.ll GO Hl 30 
Al=TAl(Il•ACRS A2=Th2(Il•ACR, Bl=RAllil•ACRS B2=RA2!I)*ACR

TTA=Al*A2S GO TO 3'i 
30 Al=RAl(Il•ACRS A2=RA2!Il•ACRS Bl=TAIII>*ACRS �2=TA21Il*ACR 

TTA=Bl*l:!2 
35 BIA=B2/A2\ Al2=Al•A? 

FLX=0.25*TFX!Il•RAR!Il•FON/TTA
DO 300 L=l,NLS CSCL=CSC(L)S H6=4.0/CSCLS CTHL=CTH(Ll
BHO=CBH!Ll-2*CHSD!Ll 
BH9•CBH!Ll•2•CBSD!LlS 1:!HD=!BH9-BHO}/MMS ZO=BHO 
00 200 M=l,MMl\ Ho=zos IF (HO.LE.n.o, H0=0.001 

DTH:0/HOS ASHO=ASC•HOS H02=HO•HO 
Hl a 2oO*H02•0IS H2=1Hl+O+Dl•Al+HOS Hl=Hl•AISH4=H3•Hl+H2$Hl=HO+Hl 
AO=AT4NlHO•Ol)S SAO! =!H02+D2l/HO?S DXH=OlH-2.0•!Al+Bl•SAOil 
AM=AO+Al/SAOl+RIS IAM:(AM•RCA+90oOl•0.2+1,49S SAR=SIN(AM)
IAM=IAM+ IL-1 l *40 
CON=RATBS!IAMl•CSCL•FLX 
CWH=A2+A2S IF (SARoGT.AIA) CWH=CWH•BIA/SAR 
CXH=AI•Al\ IF (H2.GT,Hll GO TO 40 
HT=HlS Hl:H2S H2=HT\ CXH:(Bl+Al>•SAOI

40 CONTIIIJUE 
H5=HO+H6S IF (H'ioLToH4) H4=H5 
H5=C8H(Ll+CTHLS IF (HS.LT.H4) H4:H'i 
IF IH4oLE,HOl GO TO 150 
DH•IH4-HO)/NN
HT=HO+O.S•DHS SDF=o.o 

DO 100 N=l,NNS HT2=HT•HTS HTD2zHT2+D2 
GH = !ASHO+CSCL*IHT-HOl)*(l,O+SQRT(HT02l/HT)
IF IHT.GT 0 Hl> GO TO 601 XH=<HT-HO>•OIHS GO TO 70 

60 IF !HT.GT.H2) GO TO 65S XHzCXH*HTS GO TO 70 
65 XH=D-OXH*HT 
70 SDF=SOF + EXP!-GHl•XH/(HT•HT02)

100 HT=HT+DH 
FXH(Jl=CON•SDF•CWH•OH 

ISO J=J•l 
200 ZO•ZO+BHO 
300 CONTIIIJUE 
400 CONTINUE 

RETURN 
END 
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SUBROUTINE ORTENT1wn,NI)
C THIS SUBROUTINE ROTATES COORDINATE SYSTEM SO THAT THEY AXIS IS 
C PERPENDICULAR ANO THE X AXIS IS PARALLEL TO THE CLOUD-MOTION 
C OIRECTtON--THE X AXIS IS CONVERTfO TO A TIME AXIS1r�x1v1. 

COMMON/CTEX/ XT.TQ,T9 
COMl"ON/CMAX/TMt.TMA.YMl,YMA,TMR,YMR,TS,TlO 
COMl"ON/CXYI/TI I 10> ,YI I 10) ,XISllO) ,YISI 101 

ACR=O.Ol74�33$WR=ACP*IW0-90.0)
COO=COSIWR)S SJO:STNIWR)
DO 100 l:sJ,NI
Tllll=IXI51Il*COD-YTS(I)*STD>•XT•TS 

100 Ylll):XISll)•STO+YI�ll>*COO
RETURN 

ENO 
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SURAOUTTNF CLOUOS(CFA,Nl,N,L,TRR)
C THIS SUBROUTINE GFNFAATES RECTANGULAR CLOUDS COP HOLES) OVER A 

C 15 KM �JOE ANO 3 HR (3/V KM) LONG RF.GION CENTERED AROUT THE 

C AIRPORT. RF.GINING AND ENDING TMES OF CLOUDS AS VIE�fO BY EACH 

C CE!LOMF.TER ARE STORED, CALCOMP PLOTOUT OF PLAN VIE� OF CLOUD 

C FIFLO TS GfNEAATFO IF REQUESTEOCIF NCALC=2l 

DIMENSION LSKYC5,?4Q)

COMMON/CSKY/ JSKYC240l 

COMMON/KSKY/ JSKY(240)
COMMON/COUT/ NLINF.,NTAPE,NCALC,NOUT 

COMMON/CSAL/T�CALf,YSCALE

COMMON/CTEX/ XT,TO,T9

COMMON/CMAX/TMI,TMA,YMI,YMA,TMA,YMR,TS,TlO 

COMMON/CXYI/TT (10) ,YI (10) ,XIS(lOI .YIS(lOI

COMMON/CXRE/KNC10),TBC2000l,TEC2000l,MTA 

COMMON/CCOO/ LCOO(lQl,ICOOClOI 

COMMON/CTYP/ LTYPclnl,ITYP(lOI

COMMON/CASH/ CAMC\O)tCMLC}OltCAA(lOltCOP(lOl

COMMON/CANS/ PNSC�O)

ECM=l0.0/16,0\ ITO=O.o-TO$ IT9=T9-Tl0 
CFS•CAMCLlS SML=CML(Ll$ SAR=CAA(Ll$ LC= L$ ICT=LTYPILI 

CF=0.0$ CFT=?..OS JFLAGz2$ 00 8 T=l,240

ISKYCil=L�KY(L,Il
A JSKY CI) =O 

NN=N-?*CN/21$ RNR=PANF(RNSILC))

M=O 
10 T=TMA•RANF(Ol+TMI\ Y:YMR•RANFIOl+YMI 

OXR=RANF(O)S O�= -SML*ALOGCOXR)$ DY=SAR*OX 

DCY=OY*AANFCOl$ DT=OX•XT 
Tl=T$ T2=Tl+DTS Yl=Y-OCY$ Y2=Yl+DY 

IF CY2.GT.YMA) Y2=Y�•AS IF (Yl.LT.YMI) Yl=YMI 
Y3=Yl•ECMS Y4=Y2•ErM 

CALL COVEPCTl,T2,Y3,Y4,CFT,CF,IFLAGl

IF (CF,GTT0 CFS.ANO.NN.EO.Ol GO TO 200  
IF (T2.GT 0 Tlnl C4LL KOVER(Tl-TlO,T2-TlO,Y3,Y4,CFT,KF,IFLAGl
IF (T2.LT.TO.OR.T1.r.T.T9) GO TO 19A 

IF (Tl.LT.TO) Tl=TO� IF CT2.GT,T<ll T2=T9 
20 M=M+U IF CM.GT.MP!) GO TO 320 

IF (NCALC.GT.ll CALL HOX(Tl,T2,Y},Y2l

DO 100 !=\,NI$ IF CY!(ll.LT.Yll GO TO 100 
IF CYICil.GT.Y2l GOTT() 100 

K=KN(Jl+lS KNCil=KS IK=Cl-ll*MTB+K 

THCIKl=Tl-Tl(J)+TlO� TE(!Kl=T2-Tl(Il+Tl0

100 CONTINUE 
CFA=CF 

198 IF (CF .LT .CFS) GO TO 10 
200 CONTINUE 

IF (LTYP<u.cn.01 r.o TO 210 

IF CITO.GT .o> GO Tn ?.05 

ITO=lS Tl=0.0$ T?=TOS Yl=YMI\ Y2=YMAS GO TO 20 

205 IF CIT9.GT.Ol GO Tn ?10 

IT<l=lS Tl=T9S T?.=TlOS Yl=YMIS Y2=YMAS GO TO 20 

210 CONTINUE 

00 30'l I=!,240

308 LSKYCLtll=JSKY(Il
RNSCLC)=RANF(-3.0)
IF (NCALC.LT .2> GO TO 330 
CALL BOX(TMI,TMA,YMTtYMA) 
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I 

DO 300 I=l,NJS Z=IrOD<ll 
TlaO,OS IF (Tl,LT,TOl Tl=TO 

T2aT}OS IF (T2,GT,T9l T2aT9 

CALL LINE<Tl,Vl(l),T2,Vl(Il)
Til�Till)/TSCALES Vll=Vl(ll/VSCALE

CALL SVMBOLITII-.n6.VII-.1os,o.21.1HX,O,,ll
300 CALL NUMBERITII, VII, 0,41,Z,O,,-ll

Tll•ITMI+T5-l,Ol/TSCALES VIl=(VMI-2,Sl/VSCALE
IF <ICT,LT,Ol CALL SV�ROL(TII, VII, 0,4l,6H HOLES,0,,61

IF IICT,GT,Ol CALL �VMROL(Tll, VII, 0,4l,6HCLOUOS,O,t6l

Tila(TMI+T5-3,0l/TSCALES Vll=IVMI-3,51/VSCALE
CALL SVMBOL(TII,VII,0.41,5HLAVER,o •• s,

TIF=TII+3,0/TSCALF
CALL SVMBOLITIF,VII,0,4l,5H HOUR,0,,51 
Til=Til+2,0/TSCALFS TIF=TIF+2,0/TSCALES Z=LCOD(LlS W=(N-1)*3,0

CALL NUMBERITII,Vll,0,41,Z,O,,-ll 

CALL NUMBfR(TIF,VII.0.41,w,o.,-l>
GO TO 330 

320 IRR=IRR+l 
PRINT 800 

AOO FORMAT (51H EPROR, PEOUCE NO, OF CEILOMETERS,LAVERS OR CLOUDS l 

330 CONTINUE 

RETURN 
ENO 
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SUBROUTINE ORnER<L,�l,IRR)
C THIS SUHROUTINE PLAr.Es THf BEGINNING AND ENDING TIMES OF CLOUn 

C AASES FOR EACH CFILOMETER JN PROPER TI�E OROER, BEGINNING ANO 

C AND ENOINr. TTMF.S THAT OVERLAP ARf ELIMINATED,

COMMON/CMAX/TMI,TMA,YMT,YMA,T�R,YMR,TS,TlO

COMMON/CXRE/KN(l0l,T8(2000l,TE(?OOOl,�T8 
COMMON/CX12/Tl( 5000),T2( 5000),KNLl50l,MT1

LIK= !L-ll •NJ•MTU LI= !L-1) •NI 

DO 200 I=l,NI$ NK=KN<Il 

IKT=<I-l>•MT8$ KTT=<T-ll•MTl+LIKS KNK=O 

TlT=T2T=0,0$ IF (K�1L(LI+Il,EQ,Ol GO TO 50 
KNK=KNL<LI+Il$ KTT=KTT•KNK 

TlT=TJ(KTT)S T2T=T?!KTT)
50 CONTINUf 

IF (NK,LT, l l GO TO 200 

DO 100 KT=J,NK$ TMTN=l ■ OF.20 

DO 75 K=l,NK$ TF <TFl(t,;+IKT),GT.TMIN) GO TO 75 
KM=K•IKTS TM!N=TR(KM)

75 CONTINUE 
TBIK'4)=1.0E25 

IF (T'-IIN,GT. T2Tl GO TO 80 

IF IT;;>T ,GT• TF (KM)) GO TO 100 
T2( KTT>=T2T=T�(KMl$ GO TO 100 

80 KTT=KTT+l$ KNK:KNK+tS IF (KNK.GT,MTl) GO TO 220 

Tl( KTT)= TMINS T2( KTT)=T2T=TE(KMI
100 CONTINUE 

DO 150 K =l,NK
TB(IKT+K)=TE<IKT+Kl=O,O

150 CONTINUE 

KNL<LI+I):KNK$ KN(J):O
200 CONTINUE 

GO TO 230 

220 IRR=IRR+l 
PRINT 800 

800 FORMAT (51H ERROR, REDUCE NO, OF CEILOMETERS,L�YERS OR CLOUDS )
230 CONTl>JUE 

RETUR"J 

ENO 
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SURROUTINF BA5E(NL■NI■Il
C THIS 5UBROUTINF GFNFRATES CLOUD BASF HEIGHT PROFILE FOR A 3 HR 
C TIME SPAN. 

DIMEN5l0N HS(l500l,HAS(lOOl,NS<lOOl
COMMON/CRNG/ RN■ASC,AAT
COM�ON/CTEX/ XT,Tn,T9
COMMON/CMAX/TMI■TMA.YMI,YMA,TMR,YMR,TS,TlO
COMMON/CELX/ Df.LX■OOT,BST
COMMON/CX12/Tl< 5000l■T2( 5000l,KNL(50l,MT1
COMMON/CASH/ CRFSP(4000l,LRESP14000l 
COMMON/CCOO/ LCOD<lOl■ICOO(lOl 
COMMON/CTYP/ lTYP(lOl■ITYP(lOl 
COMMON/CLDC/ CTH()nloCBH(lOl■CBSD(lOl,CBCD(lOl,CSP<lOl,CSCllOl
COMMON/CCE I LIT IS< l O l , TF X ( l O) ■ TRO ( l O l , RAR ( 10 > , TA l ( 10) , T A2 (l O > , 

2 RAl(lOl,RA2()0) 
COMMON/CRNS/ RNS(�Ol 
LNM=<I-l)•NL*NMX2 

LMT=l, IC=1' IL= ( I-1 l •MTl 
ST=TISII>•DDT 
Al=RAl(I>, IF <ITYP(l).EQ.U Al=TO<llS TWST=Sil\(ACR•All
MT=TlO/STS MTT=2•MT 
00 25 M=l ,.,.TT 

25 CRESP(Ml=99.9999
BHB=o.o 

DO 100 La},NLS Llz(L-ll*NIS LIK=LI*MTl 
IF ITO.GE.TlO.OR.T9.LF.O.O) GO TO 300 
CASDL=CASO(L)S CBHL:CRH(L), CSPL=CSP(LlSCACDL=CACO(LlS CTHL=CTH(Ll 
BHT=CAHL•CTHL 

BHl=CBHL -7..n•CBSDLS IF IBHl,LT,BHB> BHl=BHB 
ijH8=Cl:lHL +2.o•rBSDLS IF (8H8.GT.BHTl BHA=BHT 

LC2 LS RNB=RAMF(RNS(NL*IC+LCl)
NK=KNL(LI+ll
INL= ( I-1) •NL+L 
KTT=IL+LIKS LMT=li ICL=LTYP(L)
XT=ODT/CSPLS DT=nELX*XTS TWS=TWST•XT 
NM=IFIX((TWS•CRHL )/OTIS N"'5=2*NM+lS VNM=l.O/NMSS TW=NM•OT 
COR=EXP<-DELX/CBCDLIS CORl=l■O-COR 
cov= CHSOL•SQRT(t.o-coR•coR)S CBCR=CBHL•CORl 
HA:sHAS(INL)S N:N5(TNL)
Nl=N-lS JF (Nl.E'}.O) N}:NMS
Hl:aHS(LNM+Nll
T=o.os T5=0.5•ST 
K=lS TlT=TllKTT+KlS T2T=T2(KTT+K)
IF <K.GT .NK) Tl T:T?T=?.•O•TlO 

50 T=T•DTS IF <T.GT■TlOl GO TO lOOS TMP=T-TW 
RN=RNR•RANF(O)-RNMS H2=Hl•COR+CBCR+COV•RN 
NSS=NS N=M+lS IF (N.GT.NMS) N=l 
HA=HA+(H2-HSILNM+N)l*VNMS HS(LNM+NSS)=Hl=H2
IF (TMP.LT.TSl GO TO 50 
LMX=LMTS TF (CR�SP(LMXl.GT.99.l GO TO 7B 
L"IX=LMT+MTS IF <r.RFSP(LMXI.LT.99,) GO TO 76 

78 IF (TMPoLT,T2Tl GO TO 80 
K=K•lS KTK=KTT+KS TlT=Tl(KTKIS T2T=T2(KTK>
IF (K.GT.NK) TlT:T?T=2,0•TlOS GO TO 78 

80 IF (TMP,LT.T!Tl GO TO 72 
IF ( !CL.GT ,0) 74,76

72 IF IICL,GT.Ol GO TO 76 
74 HB=HA 
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IF (H8.LT .BHl l Hl:l:RH},; IF (HA.GT .BH8l H8:>iH8 
CRESP<LMX l=HA, LRESP(LMXl=L

76 LMT=LMT+U TS=TS+ST 

GO TO 51)

100 CONTit-<UF 

LNM=LNM+NMSS HA5(TNLl=HA$ NS(INL)=N

RNS(NL*IC+LC)=RANF(-3.0l

BHB=BHT 

300 CONTINUE 
RETURl\i 

ENTRY BASFT 

ACR= 0.0174533, RCA=l.0/ACRS MM}:MM+l

N�X2=1500/(NL•NI), NMX=(NMX2-l)/? 
RNM=SQRT(1.0)$ HNR=2.0*RNM 

DO 540 1=1,NT$ LNM:(T-ll•NL*NMX2
Al=RAl(Ill IF <IlYP(I).EQ.1> Al=TAl<l>S TWST=S111:(ACR•All

00 530 L=l,NL$ INL=<l-ll*NL+L 
CRHL=CBH(L)S HAS(JNLl=CBHLS NS(INLl=l

XT=DDT/CSP(Ll, 0T=OELX*XT$ T�S=TWST•XT 

NM=IFIX((TWS*C8Hll/OT)$ NMS=2•NM+l 

DO 52 0 N=l,NM<;

520 HS(LNM+N)=CBHL

530 LNM=LNM+NMS 

540 CONTINUE 
RETURN 

END 
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SUBROUTINE OPTIC(NL,NI,N,J)
C THIS SUBROUTINE COMPUTES THE CEILOMETERS PRIMARY AND SECONDARY 
C RESPONSE CHARACTFRISTICS (MAX RECEIVED FLUX, MAX ANGLE, MIN 
C ANGLE AND DECAY ANr.LEl BASEO ON EQS �17,5--18,�19 ANO STORED 
C VALUES nF SURR FLUX. THE RESULTS ARE PRINTED OUT 
C BY LINE PRtNTER(TF NLINE=ll AND MAG TAPE<IF NTAPE=l).

DIMENSION REOC(50l,CMl(SO),AMJ(50l
COMMON/COUT/ NLINf,NTAPE,NCALC,NOUT
COMMON/CRNG/ RN,ASC,AAT 
COMMON/CMAX/TMl,TMA,YMI,YMA,TMR,YMR,T5,TlO
COMMON/CELX/ DELX,DOT,RST
COMMON/CFLX/ MM,NN,FON,FXH(ll00l,RAT8S(200l 
COMMON/CBSH/ CRESP(4000l,LRESP(4000> 
COMMON/CCOO/ LCOD(lOl,ICOO(lO) 
COMMON/CTYP/ LTYP(}Ol,ITYP(lOl 
COMMON/CLDC/ CTH(lOl,CBH<lO),CASO(lOl,CBCD(lOl,CSP(lO>,CSC(lOl
COMMON/CCfl LIT IS (10 I , TF X( l O I , TAD ( l O) , RAR ( l O l , TA l ( l O l , T A2 ( l O) , 

2 RA1(10ltAA2<10l
lTFORMAT(2X,Fl0.3,2X,Fl0.3,Ello3t3FlOo2,4X,Fl0.3,Ello3,3Fl0.2)
3 FORMAT (llF.12.41 

20 FORMATl1Hl,45X,•SJMULATED CEILOMETER MEASUREMENTS•/)
21 FORMAT (3?.X,•PRJMARY AESPONSE•,3BX,•SECONDARY RESPONSE*,//

2 8X,•TIME HT MAX FLX MAX ANG MAX ANG MIN ANG DEC 
3 HT MAX FLX MAX ANG MAX ANG MIN ANG DEC•,/)

22 FORMAT(SOX,•CEILOMfTEA NO•,I3,/)
LIS"NL*<I-ll 

I 
TRDI=TRD(l)S IF (ITYP<Il,GT.ll GO TO 120 
Al•TAl(ll$ Bl=RAl<IlS GO TO 122 

120 Al=RAl ( I) S Bl=TAJ (I l 
122 BH=TROJ•Bl•ACR\ AH=<Al+Bl)*ACR/TRDI

TRDI2=TROJ•TROI\ TRCSI=RCA/TRDI
ST•DDT•TIS(I)\ MT=TlO/ST\ RST=TISIIlS TIM=O.S•BST•IN-2)*3o0
00 75 M=l,MTi M2=M+MT 
RESO=AES2=RES3=RES4:RES5=RES9=RES7=RES8=99.99S RESl=RES6=99.999 
IF <CRESP(M).GT.90,0l GO TO SO 
L=LRESP(MlS LI=LJS+L\ HA=CRESP(Ml
RESl=HA•HA•AH+BH+HA 
MHT•CHT=HA•CMIILll•AMl<LilS OHT=CHT-MHT 
RES2 =FXHIMHTl+(FXH(MHT+l)-FXH(MHTll*OHT 
SA02=HA•HA/(HA•HA+TRDJ2lS SAO=SQRT(SA02)S AO=ASIN<SAOl*RCA 
AT• Al•SA02+AlS RES3=AO+ATS RES4=AO-AT 

RESS=SAO*(l.O-SAO)•TRCSl/CSCILl 
IF (CRESP (M2l .GT ,90.0l GO TO SO 
L?.=LRESPIM2lS LT2=LTS•L2S HB•CRESP(M2l
RES6=HB•HR•AH+RH+HB 
MHT•CHT=HB•CMl(LI?l+AMIILI2lS DHT=CHT-MHT 
RES7 = (FXHIMHTl+(FXHIMHT+ll-FXHIMHTll*DHTl•REDCILI> 
SA02=HB•HB/(HA•HB+TRDI2lS SAO:SQRT(SA02lS AO:ASIN(SAOl*RCA

AT= Al•SA02+AlS RESB=AO+ATS RES9=AO-AT 
RESO=SAO*(l.O-SAO)•TRCSI/CSCIL2l

50 IF (NLINE,NE.11 GO TO 55 
IF (M.NE,l) GO TO <;3
PRINT 20S PRINT 22,ICODIIlS PRINT 21 

53 PRINT 1, TIM,RES1,RES2,RES3,RES4,AESS,RES6,RES7,RES8,RES9,RESO 
55 IF INTAPE,EO. l > wRTTF: 141,3>

1 TJM,RESl,R•S?,RES3,RES4,RESS,RES6,RES7,RES8,RES9,RESO 
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7S TIM=TIM+BST 
RF.TURN 

ENTRY OPSFT 
ACR=0.01745335 RCA=l.O/ACRS MMl=MM•l 

00 340 I=l,NU IF <lTYP(Il.GT.21 GO TO 340 

LTS=NL•II-llS IHS=LIS•MM}+l
TROI=TROlllS IF (JTYPIIl.GT.ll GO TO 320 

AlsTAl(Il$ AJ=RAl<IlS GO TO 322 
320 Al=RAl(Il, 8l=TA111l 

322 TROI22TROT•TROl 

00 340 L=JoNL, Ll=LIS+L 

LHS=IL-ll*MMl+IHS 

CBSOL=CHSOILlS CBHL=CAHIL)S CSCLsCSCILlS CTHL=CTH(Ll

HA=CBHL 

SA02=HA*HA/(HA•HA+TA012lS SAO=SQRTISA02lS AOsASINISAOl*ACA 

AT= 1Al*SA02•AllS SAMI=l.O/SIN((AO+ATl•ACRl+l.O

REOC<Lil=EXPl(-CSCL•ASCl•CTHL•SAMil

BHO=C�HL -2.n•r.BSOL 

BH9=CAHL +?..n•CBSOL 

CMIILil=MM/(8H9-BHOlS AMIILil=LHS-BHO•CMIILil 

34() CONTINUE 
RETURN 

ENO 
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C 
SUt:lRUUTINE M�llAR(NL.NI.N,J)
THIS SUHHOUTINE CnMPUTfS THE RAUAH Cl:.ILOMETEH Hl:.SPONSE 

C CHI\HACTEM!STICS (POWER ANLJ RANGF.: OF THE PRIMARY ANU SECONDARY 
C PEAK HFSPONSFS). THE RESULTS ARE PRINTED OUT 

C HY LINF PR[NTtR(TF NLINE=l) AND MAG TAP£<IF l'<TAPE=ll• 
OIMtNSION Pl(�n),Pt(50),PW1(50l,Pw2(50).PW3(50)

COMMUN/COUT/ NLINf•NTAPt,NCALC,NOUT
COMl"IJN/CHN(;/ H•h AS! , AA T 

COMMUN/CMAX/TM(.TMA.YMl•YMA.TMH.YMR,T5•Tl0
COM"'Ol\i/CFLX/ llFLX.LIDT,HST 

COMMUN/CHSH/ CRFSP(4000l,LRl:.SP<4000)
COMMON/CCOU/ LCOU(lOl.ICOO(lOl
COMMUN/CTYP/ LTYP(ln>.IlYP(lO)

COMMON/CLUC/ CTH(lO>.CHH(lOl,CHSU(lO),C8CD(l0l,CSP<lOl,CSC(lOl 

COMMUN/CCAT/ CAT(JU),CRf (10) 
COMMON/CCE I LIT l'i (IO) • Tf I( ( lO) , THU ( 10 l •RAH< l O) •TA 1 ( 10 l , T A2 ( 'l Ol • 

2 HAl(lOl,RA?.(10)
l fORMAT(2X,FlD.3•2X,FllT■ 3,1Fl0 ■ 3,l4X,EllT■ 3,3fl0.3)

3 fUHMAT (91:.12,4)
20 FUHMA T ( lH I, 4',X •<>SI Ml!LA 11::11 CE ILOMI:. TEA Mf.ASUHEMENTS*/l

21 FURl"AT (J?X,*PHIMAHY HESPONSE*,JMX,*SECONOARY Hl:.SPUNSE*,//

2 dX,*TIME POWfHJ RANGEi RANGE? ATT HATE 

3 PO�EHl HANGFl RJ\NGE2 Alf RATE*,/)
22 FORMAT(50X,*Cf!LOMl:.TEH NO<>,I3,/)

LIS=NL*(l-l)'b THOl=TA•J<I)

ST=OUT*TIS(Ili MT=Tl0/ST$ 8ST=TIS(J)$ TIM=O.S*HST+(N-2)*3,0
UO 7� M=l,MT'b M2:M+MT 

HES?.=RES3=RE�4=HfS�=Rl:.S6=RES7=99.999$ RESl=RES5=99.99 

IF (CRESP(Ml .GT.YO.fl) r,U TO 50 
L=LRl:.SP(M)$ Ll=L!S+L$ HA=HC=CRESP(M)

If <TROl.LT,HC) c;O TO 40 
If (fHUI.GT.CHH(L)+c:TH(L)) GO TO 4?'i HC=TRDI 

40 RES2=HC� AESl=Pl(Ll>�<l•O+(HA-CHH(Lll*PWl<LI>>

HES3=CHH(l)+CTH(L>i Hl:.S4:CAT(Ll

42 If <CRf.SP("l2).GlT■ 90.0l GO TO SO 
L2=LHESP(M2l� Ll2=LTS•l.2$ HH=HC=CHESP(M2l
IF (TRDI.LTT■ HC> GO TO 't8 
IF (TRUI.GT.Ct-<H(l2l•CTH<L2ll GO TO 50$ HC=TROI 

48 RES6=HC) HE57=CHH(L2)+CTH<L2)$ AES8=CAT(l2)
RES5=((HH-CHH(L�))*PW?(Ll2l+(HA-CAH(L)l*PW3(Lil+l)*P2(Lil•Pl<LI2l 

5 0 IF ( NLI NET■ NE. l ) Go TO 55 

IF (1'1.NE. l) GO TO 53 
PHI�T 20$ PRTNT 22■ICOD(Il$ PRINT 21 

53 PRI�T l• TIM,HESlT■ RFS2,HES3,RES4,AES5,RES6,RES7,RES8 

55 If (NTAPE.EU. l l 
2 WHITE (41,3) TIM,HES!,AES2,RES3,RES4,RES5,RESb,RES7,RES8 

75 TIM=TIM+HST 
RETURN 
ENTRY RASET 
00 500 I=l,NU H <ITYP(Il.NE.Jl GO TO 500 

LIS=<I-ll*NLS TRUl=TRU(l)

00 475 L=l,Nli LI=LIS+LS CAHL=CijH(LlS UAT=-1.0/CBHL 

Pl<Lll=TfX(ll*CRF<L>*EXP(-2.0*AAT•CBHLl/(CBHL•CBHLl
IF <TAUl ■ Lf,CHHLl GO TO 450 

UAT=CAT(Ll$ HA=CHHL/TAOIS CAHT=CHHL+CTH(L) 
Pl<Lil=Pl<Lil*RA*RA<>E�P<-2,0*UAT*(TRDI-CBHLll

If (TROl,GT,CHHT) Pl(Lil=0,0

450 Pwl<Lil=2.0*(UAT-AATl\ P2(lll=EXP<-2•0*CTH<Ll*<CAT<Ll-AATll 
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Pw2(Lll=2.�o(UAT-AATli PW3(lll=20 0*(CAT(Ll-AAll
475 CONTINUE 

500 CONTINUF. 

RETURN 

ENO 
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SUBROUTINE AOJUS<NLoNTI 

C THIS SUBROUTINE: J\OJIIST THE ARRAYS IN illHJCH THE CLOUD F.14SF. BEGINING 
C AND ENOJNG TIMFS ARE STORED FOR THE NEXT 3 HR TIME SPAN. 

COMMON/CMAX/T�I.TMA.YMI,YMA,TMR,YMR,T5,Tl0 

COMMON/CX12/Tl( 5nool,T2( 50001,KNL(50l,MT1

00 400 L=I,NLS Lt=<L-ll*NIS LIK=Ll*MTl 
00 300 Izl,NIS KTT= (1-ll•MTI+LIKS NK•KNL(LI+IIS KT=O 

DO 200 K=J,NKS KTK•�TT+KS TlT2Tl(KTKI-TlOS T2T•T2(KTKI-Tl0
Tl(KTKl=T2(KTKl=O.O

IF <T2T.LT.Ol Go TO 200 

KTzKT+lS KTN=KTT+KTS IF (TlT.LToOI TlT=O.O 
Tl(KTNl=TITS T2(KTNl=T2T

200 KNL(LJ+l)zKT 
300 CONTINUE 
400 CONTINUE 

RETURN 

ENO 
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SUBROUTINE PROFIL!NT,I,N,N3l 
C THIS SUAROUTINE PLOTSOUT CEILOMETER RESPONSE C�ARACTERISTICS 

C BY CALCOMP PLOTTfR(If NCALCzl OR 2).

COMMON/CMAX/TMloTMAoYMI,YMA,TMR,YMR,T5,TlO 
COMMON/CELX/ OELX.OOT,RST

COMMON/CBSH/ CPESP(4000l,LRESP(4000l
COMMON/CCEIL/TIS<lOl,TFX(l0l,TRO(lOl,RAR(l0l,TAl(l0l,TA2(10l,

2 RA1(10l,RA2(10)
STzTIS<I>•ODTS NT= TlO/STS NTl=NT-1 

T27z0.5•ST, X6=6.0 
Y26= (N3-J)•X6•1.s-12.o

DO 100 JN=l,NTl, LMT:JN 

IF (CRESP(LMTl+CRFSP(LMT+ll o GT.99.l GO TO 100 

Y27=Y26+CRESP(LMTl*X61 Y28zY26+CRESP(LMT+ll*X6
T28•T27+ ST 
CALL L1NE(T27,Y27,T?8,Y28l 

100 T27=T?.7• ST 
CALL L1NE(OoOtY26,Tl0oY26l

Y28zY?.6•1.0•X6S CALL LINE(O.O,Y26,0o0,Y28l
RETURN 

ENO 
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SUBROUTINE COVER(x1.x2.Yl,Y2,CSPEC,CACTUAL,IFLAGI
C THIS SUAROUTINF TAK�S A NEW PLAN-VIEW CLOUD ANn UPDATES A 
C 120 BY 120 81NARY ARRAY TO COMPUTE THE NEW CLOUD AMOUNT. 
C MXIFT AND ONEBTT AAE ASSEMBLY-LANGUAGE ROUTINES TO SHIFT 

C A WOHO ANO TO r,OIINT THE ONE-AITS H,1 A WORD,

DIMENSION MASKS(60I

COMMON/CSKY/ JSKY(240l

C QUANTIZE, CHECK AND TRUNCATE COORDINATES 

C 

C 

SCALE • 60,/5,

NXl = SCALE•XJ 
NX2 = SCALF•X? 

NYl = SCALE•Yl • �l,O 
NY2 = SCALE•Y? • �1,0

IF (NXl,GT,l?Ol RF.TURN 

IF (NYl,GT,1201 RETURN 
IF (NX2,LT,ll RETURN 

IF (NY2,LT,ll RETUR� 

IF (NX1,GT,NX2l RETURN 

IF (NY1,GT,NY2l RETIIRN 
IF (NXl,LT,ll NXl ,. l 

IF (NYl,LT,ll NYl = l 
IF (NX2,GT,l20l NK2 • 120 
IF (NY2,GT,120l NY2 a 120 

C 

C LOCATE CLOUD IN ARA�Y AND SETUP AAGS 

C 

CTEMP:CACTIJAL 
IF (NXl,GT,60) GO TO 20 

IF (NX2,GT,60) r,O Tn 30 

ASSIGN 40 TO LAREL 

GO TO SO 

20 NXl = NXl - 60 

NX2 z NX2 - 60 

NYl = NYl + 120 
NY2 = 'NY2 + li?O 

ASSIGN 40 TO LABEL 

GO TO SO 

30 NTE"'P = NX2 
NX2 = 60 

ASSIGN 35 TO LABEL 

GO TO 50 

35 NXl a 1 

NX2 s NTE"'lP - M 

NYl "' NYl + 120 

NY2 ,. NY2 + 120 
ASSIGN 40 TO LABEL 
GO TO 50 

40 RETURN 

C 

C COMPUTE NEW FRACTtONAL CLOUD COVER 

C 

50 LENGTH a NX2 - NXl + 1 

KAREA : LENGTH•(NY2 - NYl + ll 

KOUNT a 0 

IF (LENGTH,LT,601 GO TO 54 
DO 52 I :  NYl, NY2 

APPENDIX E PROGRAM LISTINGS continued 

149 



IWOl<l)=ISKY 11 l .AND. 1-ll 
IF IIWORO.LT.O) KOlJNT = KOUNT + l 

52 CONTINUI: 

NXl = NXl + l 

LF.NGTH = LENGTH - l 

54 MASK = MXJFT (MASKSILF.NGTH), 60 - NX2)

00 60 I =  NY}. NY2 

ICOM = MASK .ANO. ISKY I I l 

IF I ICOM.EQ.0) GO TO f>O 

CALL ONEBITIICOM,KAMT)t KOUNT=KOUNT+KANT 
60 CONTINUE 

CNEW = (KAREA - KQUNT)/144000 

C 
C CHECK TERM COll:OS AND IJPDATE 

C 

IF IICACTUAL+CNfWl.lE.CSPEC) GO TO 70 

IF IIFLAG.r,T.Ol GO TO 70 

CACTUAL=CTEMP 

IFLAG=-1 

GO TO LAAEL, 135,401

70 CACTU�L a: CACTIJAL + CNElll 

00 75 I =  NYl, NY2 

75 ISKY!Il=ISKY(t).OA.�ASK

GO TO LABEL, 135•40) 

C 

C MASKS 

C 

DATA (MASKS = JB, 3B, 7B,
1 l 78, 378, 778,
l J 77B, 377B, 7778,
1 l 777B, 37778, 7777B,

l l 7777R, 37777A, 77777B, 

l 177777B• 3777778, 777777B,

l \777777B, 37777778, 7777777B,
l 17777777B• 377777778, 77777777B,

l 177777777B, 377777777A, 777777777B,

l 1777777777B, 37777777778, 7777777777A,

l 17777777777B, 37777777777R, 71111111711B,

l 177777777777B, 3777777777778, 111111111111R,

l 1777777777777B, 3777777777777B, 7777777777777B,

l 177777777777778• 377777777777778, 77777777777777B,

l 177777777777777B• 377777777777777B, 777777777777777B,

l 1777777777777777B, 3777777777777777B, 7777777777777777B,

l 17777777777777777B, 377777777777777778, 77777777777777777B, 

I 177777777777777777B. 3777777777777777778, 7777777777777777778, 

1 1777777777777777777B, 3777777777777777777A, 7777777777777777777B, 

117777777777777777777B,377777777777777777778,77777777777777777777B)

ENO 
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SUBROUTINE BOX(Xl,X2,Yl,Y2l

C THIS SUBROUTINE DRAWS A RECTANGLE DEFTNEO BY THE POINTS (Xl,Yll,
C (Xl,Y2)t(X2,Yll ANO (X2,Y2l,

CALL LINE(Xl,Yl,Xl,Y2l

CALL LINE(Xl•Yl,X?,Yll
CALL LINE(X2,Y2,X?,Yll
CALL LINE(X2,Y2,Xl,Y2)
RETURN 

ENO 
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SUBROUTINF LINF(X},Yl,X2,Y2)
C THIS SUBROUTIN� OPAWS THE SEGMENT OF THE LINE DEFINED qy THE POINTS 
C (Xl,Yll AND (X2,Y2) • 

XSzXl•XGRIDS YS=Yl*YGRID 
XE=X2•XGR10$ YE=Y?*YGRID (j'\
CALL PLOT(XS,YS,3)$ CALL PLOT(XE,Yf,2) V 
RETURN 
ENTRY LINESET 
XGRID = l,1Xl 
YGRIO = l,/Yl
RETURN 
END 
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SUBROUTINE REEL<X.Y,11

C-LL ?LOT(X,Y,-31

RETURN 
END 
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IOENT ONF.'a IT 
* THIS AOUTTNE RETURNS THE NUMBER OF ONE BITS IN A WOAD. 

E"'TRY ONEB TT 

• VFD 42/0HONERITolB/2

ONEBIT 8SS 1 
SAl Bl 
SA2 B2
cx2 x1 

SX6 X2 
SA6 A2 
JP ONEBTT 
ENO 

RM MXTFT!DENT MXIFT
* AM MXIFTASCENT INTEGEP FliNCTION
* RM MXIFT 

* RM MXIFTK=MXlFT(AoTSHl 
• AM MXIFT

• - RM MXIFT A VARIABLE 
* - AM MXIFTISH SHJFT
• Rl-1 MXIFT 

MXIFTENTRY "I IFT AM X
EXT AM MXIFTSY<;TF:M

♦ 
AM MXIFT VFD 4?/0HMXIFTtlA/2

0 RM MXIFTMX IFT DATA 

SAl Al VARIAALE Xl RM MXlfT

X2 AM MXIFTSA2 R2 SHIFT 
SR2 X2 SHIFT 82 RM MXIFT

SHIFT AM MXIFTLX6 B2,Xl 
JP MXJFT RM MXIFT

MXIFTEt-iD 

MXGETIOENT MXGET 
MXGETENTRY MXGf.T 

• MXGET VFD 42/04MXGFT t lA/ RM 3 
RM MXGET MXGET DATA 0

• =MXt;ETCX,A,Nl MXGETFUNCTION Y
• MXGETX:VARIABLE 
• A:FJA<;T CHARACTER MXGET

• N NllMR�R CHARACTERS ( TO RIGHT) MXGET =
* MXGET 
•------------------------------------------------------------------AM MXGET 

SAl B2 X MXGET l=START CHAR 

SA2 A3 X2=NCHAA MXGET 
MXGETStl3 X2 
MXGETIXl Xl+X2 Xl=NSHIFTS 

Xl-l MXGETSA4 A4=N
MXGETSBS 84•84 B5=2N 
MXGET 

SA4 AS•l:lS 84s4N
MXGETS85 84+85 B5=6N
MXGET SA3 Bl X3=AAGUMENT 
MXGETLX6 B5oX3
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SA4 83+MASK MXGET 

13X6 X6*X4 X6=RESULT MXGET 

JP MXGET RM MXGET 

MASK DATA 000000000000000000008 .N=O MXGET 

DATA 000000000000000000778 .N=l MXGET 

DATA 000000000000000011778 .N=2 MXGET 
MXGET DATA 00000000000000777777B 0 N=3 

DATA .N=4 MXGET 00000000000077777777H 
DATA 000000000�77777777778 .N=S MXGET 

DATA 000000007777777777778 .N=6 MXGET 
MXGET DATA 0000007777777777777713 .N=7 

DATA 00007777777777777777A .N=B MXGET 

DATA 00777777777777777777A .N=9 MXGET 

DATA 77777777777777777777H .N=lO MXGET 
MXGET DATA 000000000000000000008 
MXGET A PS 
MXGET END 
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SIHULAT�O CE!LOHETER HEASUREHENTS 

UNITS 

O!SlAhCf IN KM 
T!Hl I• -�OURS 
SPEEO IN HEHRS PER SEC 
A'iGLE IN nEGHEES 
CLUVO AMOUNT IN FRACTIONS 

TIM� lNTfRVAL • J.oo 

FUSE RANDOM NO ScAT COEF-•rR ATTEN RATE•AIR 
.J.ooo , 100 .�•o 

APPENDIX F SAMPLE PRINTOUT 
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CLOUO LAYER CHAR•TERISTICS 

TYPE I • CLOUDS 
TYPE -1 • HOLES 

COUE 
i 

TYPE 
I 

AMOUNT 

.,oo 

LENGTH 
.soo 1

ASP RATIO THICKNESS BASE HT 
I 500-0 .OJO • 100 

BASE SO 
• .  01s 

COR DIST 
z.soo 

SPEED 
J.ooo 

DIR 
90,0DD 

T 11[8 
-3,DDO 

T [NO 
9,000 

SCAT C 
J0,000 

ATT�N H 
,ObO 

REfLIXl/i+61 kATIO-BETA/SIG"A 
1,000 z.uoooo 1,10000 1,JODOD 

.18D00 • 1Jooo .08600 

.oo&oo ,oo�oo , 00500 
000b90 ,ooaso • ozooo 
,OlbOO ,nl!)oo ,0150D 

1,00000 
,05500 
,OO♦OO 
,onoo 
,01400 

,650D0 
,04000 
,D038D 
,DZ7DD 
,OIJDO 

,500D0 
,DJODO 
,00310 
,DZJDO 

,J50DD 
,01100 
,OO♦ZO 
,0I9D0 

, ]DODD 
,DIIDO 
,00590 
,01100 

CO�E !YPl 
z -1 

A"ou"T 
.zoo 

LENGTH ASP RATIO THICKNES� BAS[ HT 
1,D00 1,000 ,loo ,200 

BAS[ SD 
,DJD 

COR DIST 
1D,DDD 

SPEED 
1,000 

DIR 

11D,DDD 
T 11[1 

-J,00D 
T ENO 

9,000 

�CAT C 
15,000 

ATTEN R 
,100 

REfLI00+61 RA TIO-BET .,sra ... 
l,000 2,00U00 1,10000 l,JOOOO 

.11000 ,13000 ,oHoo 
• 0080D ,OO!OO ,OD5DD 
,0069D ,oo•�o ,OZDOD 
,01600 ,01soo ,D1500 

1,0D000 
,05500 
,OD♦DD 
,03100 
,Ol♦OD 

,65D00 
,O♦D00 
,D0310 
,OZ7DD 
,OIJOO 

,50000 
,03000 
,DDJID 
,DZJDO 

,350D0 
,01700 
,DO♦ZO 
,01900 

.]0000 
,D110D 
,0059D 
,Ol?DO 
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TYpf I • f!XEO BEAH 
TYPE 2 • ROTATING BEIH 
TYPE 3 • RADAR 

CO�E TY>E 
I 

X LOC 
-•.:,uo 

Y LOC 
-•.5o<i 

J�T IHl/'O 
b.ooo 

fLX INT 
1 • 00E•0l 

T-R 01ST 
• 1UO 

REC 0!IM(HI 
.soo 

TRANS 
.•oo 

ANGLES 
,400 

REC 
•.ooo 

INGL[S 
4,000 

COUE 
2 

lYSE 
z 

X LOC 
•.�oo 

Y LOC 
•.soo 

i•T !MINI 
I .ooo 

f1 X INT 
l,00E•03 

T-R Ol5T 
• 100 

REC O!AMIMI 
.soo 

TRANS 
.•oo 

ANGLES 
,400 

REC 
4,000 

INGL[S 
4,000 

COUE 
3 

fYt'[ 
) 

JI. LO(. 

0.000 

1 LOC 
0 ,!>00 

!NT (HIN) 
I ,1>00 

RAO CON 
1.ooE-oJ 

HIN AG 

.o�o 

REC ANGLE 
♦,000 

APPENDIX F SAMPLE PRINTOUT continued
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SIMULATED CEILoHETER HElSUHEHll,TS 

CE I LOME TEH NO 

PRIH"RY RESPONSE 

1 IHE HI .... FLA HAA A�G MAX ANG MIN ANG OEC

.oso 
• ISO 
.2so 
,350 
,450 
.sso 
,650 
, 750 
,eso 
.,so 

l ,o!,o 
1.1so 
1,250 
I,JSo 
1.450 
I ,55o 
I,6Su 
1,750 
1.a.so 
1,950 
2,oso 
2,150 
2,250 
2,JSO 
2,450 
2,550 
2,650 
2,750 
2,8So 
2,950 

,236 
y9,99q 

.215 
99,1i'99 

,Z49 
.2SJ 
,219 
.081 
.20J 
,093 
• IOI 
.11u 

.oe8 
,104
,092 
, 122 
,II& 
,II� 
,270 
,ZRJ 
,28& 
,23� 
,212 
I lRO 
, 16 7 

9S,999 
,170 
, 192 
,227 
,227 

l,829E-o5 
9,999[•01 
2.ze1c-os
9,999E•Ol
1,599£•05
1,54&[-05 

2,219£-05 
7,Alb[-OS 
2,S52E-05 
I.J68E-04 
l ,J00E-04 
9. IS9E-05 
7,649£-oS 
1,774[-04
9,917E-05 
7,i 72E-O� 
e,oo•c-os
8.7llE•O� 
l,J41E-05 
l ,?D4E•05 
l, 15JE-o5 
2,010[-05 
2,JSJE-o5
3,540£•05 
3,999F.:•OS 
9,999F:•Ol 
3,868[-05 
2.i-42♦£-fJS 
2, os1c-os 
2,o72r-os 

b7,S8 
Q9,99 
65.62
99,99 
681 14 
6>.0J
65,97
J�,JI 
64,ll 
♦J,18 
45,64
1Hi,l2
41, 72 
46,49
♦2.88 
51, OS 
♦9,90 
♦9.26 
7c, .31 
11.20 
71 ,55 
07,0♦ 
65,29 
61,37 
59.48
99,99 
60 ,01 
62,�8 
66,81
66,73

51:1,Q4

q9,99 
57 .nl 
99,99
60.09 
6U, 38 
S7.J5
JI, 04 
5s.n
34,86 
37.29
)9,74
JJ,43 
38, 12 
34,56 
42,63
41,49
40,R6 
61,64 
62,53 
62,R7 
51'.♦l
56,6R
52,Pl
S0,94
99,99 
51,47
54 ,4� 
se, 1 a 
58,lo 

.7J 
99,99 

.12
99,99 

.68

.66 
,81

4,66
·"

4,45 
4.27 
4,06 
4,54
4,20 
4.47
J, 77 
J,89 
J,95 

,60
,56 
,55 
,75 
,84

1 ,03 
1,12

q9.99 
I,IO

,95 
,77 
,77 

SECONDlRY RESPONSE

HT MU FLX Htl ANG MAX lNG HIN &NG OEC

99,999 
99,999 
99,999 
99.999 
99,999 
99,999 
99,999 

,186 
99;999 
99.999 

.200
,229
,219 
;221
.2()5

99;999 
,192 
,2S7 

99;999 
99.99,.9 
99,999 
99,999 
99,999 
99,999 
99,999 
99.999 
99,�99 
99,999 
99,999
99.999 

9,999E•'ll 
9,999E•t'1 
9,999E•nl
9 1 999£•01 
t,9ttr•nl
9,999E•nl 
,.,,tr•ot 

4,045[•06
9,999E•ol
9,99QE•Ol
J.2eJr-06
z.5J5E-o6 
2, 759E-n6 
2, 725E-n6 
J, 12ZE-n6 
9.999[•()1 
J,s21�-06
l,861E-o6
9.999[•01 
9.99qE•Ol
9.999f•()l
9.999E•nl 
9.999[•1'11 
9.999[•1)1
9.999E•n1 
9.999[•f')) 
9.999[•1)1 
9,999[•1\l
9,999E•ol
9.999E•nl

99,99 
99,99 
99,90
99,99 
99,99
99.99 
99,99
62.ZJ 
99,99 
99,99 
63.90 
66.9)
66,l)Q
66.14 
64.54
99.99
62,96
69,Ja 
99.99
99.99
99.99 
99.99
99,99 
n,99 
9Y.99
99.99 
99,99
,,.,.
99.99 
99,99 

99.99 
99,99 
99.99 
99.99
99,99 
99,99 
99,99 
SJ.65
99,99 
99,99
55.JI
5�.JO 
57,38 
57,52 
55,94
99,99 
54,37 
60,12
99,99 
99.99
99,99 
99,99
99,99 
99.99 
99,99
99,99 
99,99
99.99 
99.99
99,99

99,99
99,99
99,99 
99,99
99,99 
99,99
99,99

·"
99,99
99,99

.91 

.76
,ao
,ao
,87

99,99
,95 
,65 

99,99 
99,99
99,99 
99,99 
99,99 
99.99
99,99
99.99
99,99 
99,99 
99.99
99,99
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�l"ULATEO CEILOH[TEA HUS\!R[MENTS 

CE tLOHETER NO 2 

PRIMARY RESPONSE 

TIME HT MAX ,Lx HAX ANG HU ANG MIN ANO oEc 

,001 ,lo4 2,453[-04 ♦6,34 41,68 4,05 
,025 • 107 2,l70E•04 47,11 ♦Z,3S l,94 
,042 ,105 2,431£-04 46,47 41, 79 4,04
,051 
,015 

99,999 
¥9,999 

9,999[+01 
9,999[•01 

99,99 
99,99 

99,99
99,99 

99,99 
99,99 

,otz 99,999 9,999[•01 99,99 99,99 99,99
,IOI 
,125 
,142 

,2Z5 
,222 
,199 

2,482£-05 
2,5s2c-os 
3,346£-05 

66,42 
66,17 
63,65 

!ii9,?.8 
59,07 
56,BZ 

, 75 
,76 

,88 
,158 
,115 

,204 
,219 

3,152£-05 
2,638£-05 

6•,23 
65,88 

57,33 
511,8(1 

,es 
.n 

,192 
,201 

,217 
,198 

2,111£-05 
3,387£-05 

65,62 
63,53 

58,57 
56,72 

,78 
,88 

,225 
,242 

,193 
,193 

3,632£-05 
3,601£-05 

62,87 
62,92 

56, 13 
56,17 

,91 
,91 

,258 
.27!t 
,292
.Joa 

,325 

.201 
,225 
.22R 
,112 
,109 

3,252£-05 
2,488E-o5 
2,413£-05 
1,627[-04 
2,I 98£-04 

63.92 
66.40 
66.67 
48.37 
•7.58 

57 ,06 
59,27 
59,51
43.♦4 
42,76

,86 
,15 

, 74 
3,87
3,94 

,342 ,105 2,♦42[-04 •6,43 41,76 •.o4 
,351 
,375 

,097 
,(192 

2,687[-04 
1, 781E•04 

••.Jo 
•2,63 

39,90 
38,45 

4,22
4,35 

,392 
,401 

,091 
,081 

1,617£•04 
1, 79SE-04 

42,48 
39,22

3&,32 
3�,48 

4,36 
•.56 

,425 
,442 
,458 
,475 

.091 
,094 
,098 
,lo6 

I,579E-04 
2,519£-o• 
2,663[-04 
2.•08£-0• 

•2.34 
43,26 
44,50 
46, 75 

3f',20 
39,00 
40,0R 
42.(1• 

4,37
4,30 
4.Zo
4, 01 

,492 
,501 
,525 
.s•z 

• 104 
,111 
oil? 
,257 

2,467£-04 
1,882£-04 
1,529[-04 
1,664£-05 

46,23 
47,99 
.,. 70 
69,23

41,58 
43,11 
44,60 
61,80 

4,(1�
3,90
3,74 

,63 
.sse 
,575 

99,999 
.240 

9, 999E•Ol 
l ,9BOE•05 

99.99 
67,82 

99,99 
6�,54 

99,99 
,69 

.s,z 
,608 
,625 
,6•2 

,249 
,231 
,241 
,257 

l,Al3E-05 
2,lllE-05 
l ,062£-05 
l,675E-05 

,8.ss 
66,96 
67,90
69, 18 

61,2r, 
59,77 
6U,�l 
61. 75 

,65 
• 7?. 
,68 
,63 

,658 
,675 

.2s1 
,263 

1. 769[•05 
l,569E-�5 

ti8, 75 
69,67 

61,37
62,20 

,65 
,61 

,692 
,?Ob 

,260 
,271 

1,623£-05 
I ,45CE-05 

69,42 
70 ,28 

61 .•8 
62, 75 

,62 
,58 

,725 
, 742 
,758 
,775 

,295 
,Z86 
,275 
,287 

1,161[-05 
1,Z61E-05 
l ,405E-05 
1,256£-0� 

71,84 
71,28 
70 ,SI 
11,30 

64,16 
63,65
62,96 
63.�7 

,52
,54 
,57
,54 

,792 
,b08 
,825 
,d♦Z 
,858 
,875 
,892 

,265 
,259 
.2sei 
,249 
,20 
,260 
,Zb8 

l ,536E-05 
1,631£-oS 
1 ,h79(•05 
l ,8o•t-o5 
1. a3•c-o5 
l ,619E-o5 
1 ,!iOOJ'-n5 

69,84 
69,39 
69,16 
68,58 
68,46 
69.44 
?o.nz 

62,36 
61,94 
61,7♦ 
61.22 
61, II 
61,9q 
6l.�?

,bU 
,62 
,63 
,65 
,66 
,62 
.So 

SECONDARY RESPONSE 

HT HU ,Lx "" ANG "'AX ANG HIN &NG OEC 

,228 
99,999 
99,999 
99,999 
99,999 

Z,900£-06 
9,999£•01 
9,999£•01
9,999£•01
ff ,999E•n l 

66, 70 
99,99
99,99 
99,99 
99,99 

59,53 
99,99
99,99 

99,99 
99,99 

,74
,,.,,
99,99 
99,99 
99,99

99,999 
99,999 
99,999 

9,999E•ol 
9,999£•01
9,999F•0l

99,99 
99,99 
99,99

99,99 
99,99 
99,99 

99,99
99,99
99,99

99,999 
99,999 
99,999 
99;999 
,,;,,,

,.999£•01 
9,999£•01 
9,999E•nl 
9,999E•nl
9,999£•01

99,99 
99,99 
99,99 
99,99 
911,99

99,99 
99,99
99,99 
99,99
99,99 

99,99 
99,99 
99,99 
99,99
99,99

99,999 
99,999 
99.999 
99,999 
99.999 

,206 
.Z16 
,225 
,237 
,235
,Z35 
,Z42
,249 
,240 
,249 
.zso
,260 

99,999 
,266 

99,999 
99,999 
99.999 

9.999£•01 
991 999£•01 
991 999E•ol 
9,999[•111
9,999[•1)1
3.691[-06 
3,305£-06 
3,004[-06
Z,538£•06 
Z,61?.E-06 
Z,634[•06 
2,356E•06
Z, I 82E-o6 
Z,397r,-n6
2, 188[•06 
Z, l 6�F-06 
1,954E-n6 
9,999£•01 
1,837£-06 
t.999E•ol
9,99q£•t,l
9,999,:•nl 

99,99
99,99 
99.99 
,�.q9 
99.99 
64,48 
65,51
66,38 
67,50 
67,36 
67,32 
67,94 
68,57 
67, 79 
68,54 
68,6♦ 
69,4] 
99.99 
69,90 
,,.,,
99,99 
99,99 

99,99
99,99 
99,99
99,99 
99,99
57,56
IJll,41 
59,25 
&0,25 
60, 13 
60,09 
60,64
61,21 
60,51
61,19
61 ,27 
1111 ,9e 
99,99
62,41
99,99 
99,99 
99,99 

99,99 
99.99 
99,99 
99,99 
99,99

,84 
,79
,75
, 70 
.11
.71 
,68
,65 
,69
,65 
,65
,62

99,99 
,60

99,99 
99,99
99,99 

99.999 
99.999 
99,999 
99,999 
99,999 
99,999 
99,999 
99,999 
99.999 
99,999 
99,999 
99,Y99 
99,999 
99,999 
99;999 
99,999 
�9,999 
99,999 
q9;99q 

9,999E•nl 
9,999E•nl 
Cf,99tE•nl 
9,999[•1')1 
9,999E•nl 
9,999£•nl
9,999E•nl 
9,999r•n 1 
9,999E•ol 
t,9t9r•ol 
9,999E •n l 
9,99Q[•Ol 
9,999E•nl 
9,999[•01 
9,999E•Ol 
9,99,fr•ol 
9,999[•01
9,999£•ol
Q.QQa�•nl

99,99 
99,99 
99,99
,,.,,
99,99 
99,99 
99,99
99,99 
99,99 
99,99 
99,99
99,99 
Y9,99
99,99
99,99 
99,9CJ 
99,99 
99,99 
99.Qt 

99,99 
99.99
99,99 
99.99 
99,99 
99,99 
99,99 
99,99
99,99 
CJ9,99
99,99 
99,99
CJ9,99 
99,99 
99,99
99,99
CJ9,99
99,99 
QQ.QQ

99,99 
99,99
99,99
99,99
99.99
99.99
99,99
99.99 
99,99
99,99
99,99 
99,99 
99.99
99,99 
99,99
99,99 
99,99 
99,99 
••.cat
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.908 .292 1.310£-05 11.01 63.41 .55 S9.999 9.99Qf•Ol 99.99 99.99 99.99 

.925 .276 l.39lf-05 70.59 63.n3 .57 99.999 9.999E•Ol 99.99 ,,.,, 99.99 

.9•2 .291 l .?OBE-05 71 .57 63.9? .53 99.999 9.999r•ftl 99.99 99.99 99.99 

.958 ,279 1. 350[-05 70.80 63.2? ,s. 99.999 9.999[•01 99.99 99.99 99.99 
,SIS .253 1. 736E-05 bB.90 61.51 ,64 99.999 9.999E•t)l 99.q9 99.9Q 99.99 
,9S2 

1,008 
.2•3 
.265 

I .915E-O� 
I .5•uE-o5 

6P.ll 
b9.82 

60.79 
62.3• 

,67 
,6n 

99.999
99,999 

9,999E•nl 
9,999[•nl 

99.99
99.99 

99,99
99,99 

99.99 
99,99

1,025 
1,042 

.269 

.2•3 
1 ,41:lb[-OS 
1,�33[-05 

n,.10 
b8.03 

62.c.� 
60.72 

,59 
,68 

99,999 
99,999

9.999,:•nl 
9.999£•nl 

99.99 
99.99 

99.99 
99.99 

99,99 
99,99 

1,058 
1,075 

.22s 

.229 
2.473E-C5 
2. l78E-C5 

ot,.4s 
66.79 

s�.31 
59.�? 

,75 
,73

99,999 
99.999

9,999[•nl 
9,999E•nl 

99.99 
99.99 

99.99 
99,99

99,99
99.99 

1.0•2 .2., 1.q4b[-OS bH.40 6l.<:6 •• 6 99.999 9.999[•11 1 99.99 C,9,99 99.99
1 • lOH .232 2.272E-o5 67.12 59.�I ,72 99.999 9.999[•(11 99.99 99,99 99.99
1,125 
1,142 

.2•c 

.228 
1.971-1[-05 
2.397E-o5 

67.e3 
fit,.73 

6u.s5 
59,56 

,69 
. ,. 

99.999 
99.999

9,999E•f1l 
t.999E•nl

99.99 
99.99 

99.99
99.99

99,99
99.99 

1,158 
1,175 

,226 
,214 

2.451[-0S 
2,AI IE-OS 

66.53 
65,29 

59,]8 
58,?8 

•7• 
,lti'l 

99.999 
99.999

9,999[•01
t.999£•nl 

9Q···
99,99 

99.99 
99.99

99.99 
,,.., 

1,IS2 
1,208 

,225 
.218 

2,.72[-05 
2,685[-05 

66.4S 
tt5,71 

59,3> 
5H,65 

,75 
,78 

99.999 
99.999 

9.999£•t1l
9.999£•1'11 

9"·99 
99.99

99.99
99.99 

99.99 
99,99 

1,225 
1.242 
1,25& 
I ,275 
I ,2Y2 
1,308 

.22fol 

.223 
,249 
,25• 
,250 
,253 

2.394E-�5 
2.5•1r-os 
1 • .ao•E•05 
1 .636[-05 
I. 792E-o5 
1.12,r-os 

66. 74 
66,21 
6k.59 

b9.36 

6k.65 
68,93 

Cj9.s1 
59,IO 
61,7.3 
61 .�2 
6) .lM 

61.�3 

• 1, 

,76 
,65 
,62 
.�5 
,6. 

99.999 
99,999 
99.999 
99.999 
99,999 
99.999 

9,999E•nl 
9.999E•nl
9.999E•t11
9.999f•Ol 
9,999,:•nl 
9.999E•ol 

99,99 
99.99
99.99 
99.99 
n.99 
99,99 

99,99 
99,99
99,99 
99,99 
99,99
99.99 

99,99 
99,99
99,99 
99,99
99,99
99,99

I,32� ,247 l .847F;-n5 68.40 61,�6 ,66 99.999 ,.,99r•nl 99,99 99,99 99,99 
1,3•2 .25{, I, 788£-05 68.67 61, Jn ,65 99,999 9,999E•nl 99.99 99,99 99,99 
J,3�8 
j,375 
I,392 
l •4U8 
1.425 
l •442 
l,o\�f. 
I ••75 

.249 
,265 
,255 
.2•1 
,222 
,253
,244 
.22• 

1. 1o41J3E-05 
l,�HE-05 
1,7111£-05 
lo966E-05 
2.55•r-o5 
1. 745E-o5 
1.q08F.:-oS 
2,386[-05 

6A.60 
69.79 

69,0I 
67.88 
66.15 
6R,86 
68,14 
66.76 

61,1.l 
62,31 
61,�1 
60.'-9 
,,.ris 

61,47 
6<,.82 
59,59 

.6S 
,60
,63
,68 
,76 
,h 

,67 
, 73 

99.999 

99.999 
99.999· 
99.999 
'iJ9.999 
99.999 
,,.,,, 
99.999

Q.999£•1"'1 
9,9419[•('1
t.999E•-".11
9,999[•rl
9,999[•(11 
t.999£•01
t.999E•n1
t.999[•01

99.'99 
99.99
99.99 
99.99 
99.99 
99,99 
99,99
,,.,,

q9.99 
99,99
99.99 
99,99 

99,99 
•••,9 
99,99 
99,99 

99.99 
99.99
99,99
99,99 
99,99 
99.99
99,99 
99.99 

l,♦92 
1,50& 

,256 
,253 

l,h9l[•O� 
I, 732E-o5 

69.09 
68.92 

61.,.1\ 
61,�2 

,63 
,h 

99,999 
99,999 

9.999E•tll
9,999£•01 

99.99 
99.99

99,90 
99.99 

99,99 
99,99 

1,525 
l,542 
I ,55& 

.241 
�9.�99 
9\t.999 

I .o55E-05 
9,999£•01 
9.999£•01

67.93 
99,99 

99,99 

60.64 
,,.,, 
99.99 

,6. 
99,99 
99.99 

99,999 
99.999
99,999

9,99t£•t1l 
9,999£•nl 
9,999[•1'1 

99.99 
99,99 
99.99

99,99
99,99
99,99 

99,99 
99,99 
99,99

I ,575 99.99y 9.999f+OI 99.99 99.99 99.99 99,999 9,999[•1)1 9(;J,99 99.99 99,99 
1,592 
1,60b 

'119,999 
Y9.999 

9.999£•01 
9.999£+?1 

99.99 
99.99 

99.99 
99.99 

99,99 
99.S9

99.999 
99.999 

9.99QE•nl
9,999E•ol

99,99
99,99 

99.99 
99.99

99,99 
99,99 

1,625 VY,999 9.999£•01 99.99 99.qq 99.99 99.999 9 e 999E•fll 99,99 99.99 99.99 
l,«>42 
1,65R 
I,675 
I.692 
1,708 

�9.999 
c;y.999 
Y9,999 

.z1a 

.236 

9.999[+01 
9,999F.•Ol 
9,999E•OI 
2,6 71r-o5 
2, 1•5E-05 

99.99
99,99 
99.99 
65,76 
67.41 

99.99 
99.09
99,99 
58,70 
60,17 

99.99 
99,99 
99,99 

,78 
,70 

99,999 
99.999 
99.999
99.999 
99;999

9.999E•nl 
9,999[•01 
9,999£•01
9,999E•rl 
9.999E•nl 

99.99 
'"·'' 
99.99
99,99 
99.99 

99.99
99.99
99.99 
...,.
99,99 

99,99
,,.,,
99,99
99,99
99,99 

1,725 
I• 7•2 
1.1se 
1,775 
1,7�2 
1,808 
1,825 
1,842 

,252 
,2AO 
.284 
.261> 
.211 

,ZS•

,267 
99.999 

1.753[-05 
I, J•2E-05 
1,293[-05 
I .529E-o5 
I.J8ZE-05 
I, 718£-05 
1,519[-05 
9,999£•01 

6R,82 
70,83 
71.lo 
69,88 
70,63 
68,98 
69,93 
99.99 

61.44 
63.25 
63,50 
62.39 
6l,o7 
61.�& 
62,•3 
99,99 

.h 

,56 
,55 
,60 
,57 
,64 
,l>O

99.99 

99,999 
99.999 
99.999 
99.999 
99,999
99,999 
99,999
99.999 

9.999['0I 
9.999[•('1 
9.999£•c,l 
9,999E•ol 
9,999£•01 
9,999E•ftl 
9.999£•nl
9,999E•Ol

99,99
99.99 
99,99 
99,99
99,99 
99,99 
99,99
99.99 

99.99 
99,99 
99,99 
99,99 
••••• 
99,99
99.99 
99,99 

99,99 
99,99
99,99 
99,99 
99,99 
99,99 
99,99
,,.,, 

1,858 
I ,875 
1,8¥2 
1,908 
1,925 
1,942 
1,958 
1,975 
1,992 

Yv,999 
.26(1 
,262 
,257 
,246 
,239 
,238 
,233 
,239 

9.999£•01 
l,614E-o5 
I ,5ij•E-05 
I ,664E-o5 
1.n•E-05 
2.020[-05 
2,052E-05 
2,260E-05 
t .996,.-.ns 

,,.11, 
69.46 
69,60 
69.23 
118,28 
67.69 
67,62 
67,15 
117.75 

99.99 
62,r2 
62.1• 
61.8n 
60,95 
60,•2 
60,36 
59.94 
1.0_,,_ 

99.99 
.6Z 
,61 
,63 
,67 
,69 
, 70 
,72 
.6Q

99,999 
99,999 
99,999 
99,999 
99,999
99,999 
99,999
99,999 
oo.•••

9,999[•01 
9,999£•01 
9,999£•nl
9.999E•"ll
9,Cf99[•i,1 
9.999£•01
t.99t[•Ol 
9.999E•Ol 
o.OOOJ'+ftl 

99,99 
99,99 
99,99
99,99 
99,q9 
99,99
99.99 
99.99 
00.00 

99,99
99,99
••••• 
99,99
99,99 
99,99
••••• 
99,99 
oo .. o• 

99,99 
99,99 
99,99
99,99 
99,99 
99,99
99,99
99,99 
••·•ca
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2.ooe ,259 1,639'.-05 69.35 61 ,QI ,62 99.999 9.999[•01 9Q.q9 99.99 99.99 
l,025 
2• O•Z 

.24• 

.246 
l,910E-05 
l,B61E-05 

68, 13 
68,34 

60 ,AZ 
61 ,oo

,61 

,66 
99.999 
99.999 

9.99qE•ol 
9,999F•l')l

9q.99 
99,99 

9'1.99 
99.99

99.99 
99.99 

2,0�8 
2,075 

.24• 
,233 

1,900[-05 
2,263[-05 

b8,l7 
67, 14 

60. RS 
59,QJ 

,67 
,72 

99 �999 
99,999 

9,999[•01 
9.q99E•"l 

99,99
99,Q9

99,99 
99.99 

99,99
99.99

i.092 
2,106 
2,125 

,232 
,249 
,234 

2.277E•05 
I .�HE-05 
2,214F.-05 

67, 11 
68,55 
67 ,26 

59.90 
61,19 
60,0l 

, 12 
,65 
,71 

99.999 
99.999 
99.999 

9.999[•01 
9.999E•ril 
9,999E•l11 

99,99 
99,Q9 
99,99 

99,99 
99.99 
99,99 

99,99
99.99
99.99

2,142 ,226 2,441E-o5 66,57 59.•? , 74 99,"199 9,999[•01 99,99 ''9,99 99,99 

2,158 
2,115 

, 111 
, I 04 

1,751E-04 
2,457E-04 

48, 15 
46,31 

43,26 
41 .•5 

J.A9 
4.•JS 

,225 
,247 

J,003[•1')6 
z.?.Z4E•n6 

66,39 
61t,41 

59,25 
61,07 

, 75 
,66 

2,192 ,103 2.s17E-o4 .s. 80 "1,21 4.lo ;220 J, J44E-o6 65,90 59.,ii9 ,77 
2,208 • 109 2.17oE-04 47,62 42,79 J.94 ,220 J.162E·n6 65.93 58,85 ,77

2.2�5 
2.242 
2,258 
2,275 
2,2'112 
2,308 
2,325 
2.J•z 

, I IC 
,097 
.0,1 
.o�9 
.092 
,09� 
.091.! 

,094 

2,o6Sf-04 
2, 690E-04 
I, 585E-04 
2,�37E-04 
2,0l9E-04 
2, 738E-04 
I, 606[-04 
2, 69JE-o4 

47. 75 
••.21 
•2.26 
44, 74 
•2.83 
•J.4S 
41,95 
43,41 

42,�1 
39,HH 
Ja., J 
40,c8 
l&.,.J 
39, l 7 
J7,R6 
39,13 

3,92 
4,<2 
4,37 
4, lij 
4,33 
4.ze
4.39 
4.29 

,206 
,192

•lfllA 
,204
.210 
.214 
,223 
,205 

J, 703E-o6 
4.523£•1)6 
4,954£•06
3,802E-n6
J,536[•06 
3,36?.E•n6
3,051E-06 

l, 736E-o6 

6•,47 
62. 74 
62,]2 
64,22 
64.,o 
65, l6 
66,24 
64,39

57,55 
56.ol 
55,65 
57,33 
57,93 
�A.34 
59.1J
57,4 7 

,84
,92
,94
,85
,82
,80
,76
,84 

2.JSs 
2,375 
2,3n 
2.408 
2,425 
2,442 
2,458 
2,475 
2,492
2.soe 
2,525 
2,542 
2,558 
2,575 
2,592 
2,608 

• 085 
.n91 
,1)9Q 

•'J97 

.1 o3 
, 110 
• 109 
.l00 
• 09♦ 

• IOI 
, 112 
,217 
,216 
,21 O 
,206 
,195 

I,707E-04 
I ,57�E-04 
2,b46E•04 

2,681E-o4 
2.'il0[•04 
2.102E-04 
2,143E-o4 
2,605E-o• 
2,438E-04 
2,577E-o4 
1,627[-04 
2, 712E-o5 
2, 741E-O� 
2,937[-05 
3,(l64[-05 
3,514E-o5 

•o.sz 
•?.39 
o\4.65 
••.JS 
45,86 
47,71 
47,65 
45,02 
43,20 

•5,28 
48,38 
65,62 
65.52 
ti• ,89 
64 ,49 
63,17 

36,61
38,24 
40 .21 
39.95 
41,26 

87 42, 
•2.PZ 
40, 53 
38,q4 
40,75 
43,45
58,57 
58,4A 
57,92 
57,57 
56,40 

4.•A 
4,36 
4, 19 
4.?2 
4.09 
3,93
J.tl 
4,16 
4.lo 
•.14 
3,&6 

, 19 

, 79 
,82 
,84 
,9n 

,200 
.220 
,219 
,236 
,248 
.246 
.250 
,256 
,234
,235 
,256 

99.999 
99.999 
99.999 
99.999 
99,999 

3.979£•06 
3,J60E-o6 
3, 183E•t)6 
2,565E-o6 
2,210[-06 
2,249E•06 
2,]69[•06 
2,031E-06 
2,675[•06
2,S90E-o6 
2. 027£•06 
9.9t9E•o1 
9.999[•')1 
9,999E•ol
9,999E•ol 
9,999[•01

63,77 
65,9) 
65,07 
67 ,45 
68.46 
68,)2
6M.61 
6Q, I 3 
67.24 
67 .40 
69,15 
99.99 
99,99
99.99 
99,99
99,99 

56,93 
58,85
58.AO 
60,21 
61,11
60.99 
61 ,25 
61. 71 
60,02 
60.17
,1. 73 
99.99 
99,99 
99,99 
99,99
99,99 

,87 
,71

,11
, 10 
,66
,66
,65
,63
• 71 
, 10 
,63

99,99
99.99 
99,99
99,99
99.99 

2,625 
2,6♦2 

,l':16 
.191 

3,466[-r,5 
3, 793[-05 

bl,31
62,69 

56,52 
55,97 

,89 
,92 

99.999 
99.999 

9.999£•'11
9,999[•01

99.99 
99,99 

99,99
99,99

99,99 
99,99

2,6!»8 
2,675 
2,6V2 
2,708 

.19� 
,2(-4 

tl93 
, 1�8 

3,sz•r-os 
3, 145[-0S 
J,584[-05 
4, 125[-05 

63, 13 
64,25 
62,96 
62,31 

56,36 
57,JS 
56,21 
55,63 

,90 
,85
,9\ 
,94 

99.999 
99.999 
99.999 
99.999 

t.999F•'11 
9,999£•.,1 
9,999E•H 
9,999[•1')1 

99.99 
99,99
99.49 
99,99 

99,99 
99.99 
99.99
99.99

99,99 
99,99
,,.,,
99,99 

2,725 
2,742 
2,758 
i.775 
2,792 
2,808 
i.825 
2,t142 
2,858 
2,875 
2.tt92 
2,908 
2,925 
2,942 
2,958 
2,975 
2,992 

,189 
• 174 
,IQ) 
,187 
,1,2 
• 114 
,112 
, 111 
,107 
, 104 
.105 
,098 
.09b 
.102 
,lOZ 
, 106 
• 108 

3.Q7Q[-05 
5, !89[-nS 
3,•55'--o5 
4 .22•r-rs 
4.6t3r.-os 
l ,586E-o4 
I ,635c-o• 
1,BHE-04 
2,367E-04 
2,470E-04 
2.444[•04 
z.6sor.-o4 
2, 725E-04 
2,543[-04 
2,527E-04 
2.413[-04 
2,355E-04 

62,48 
60 ,JI 
62.6?. 
62,18 
61,55 
48.93 
4fll.JO 
•B.OO 
47.14 
.,.20 
46.42 
••.61 
•J.99 
4!».58 
.s.11 

46. 71 
47,25 

55,78
53,87 
55,QI 
55,52 
54.96 
43,93 
43.38 
43, 12 
42,38 
41,56 
41,75 
40,18 
39.,-4 
41,02 
41,13 
•2.00 
42,41 

,93 
1 .oJ 

.92 

.94 

.., 
J,81 
J.87 
J,9o 
J.•e 
4.06 
4.o• 
4,19 
4.24 
4,12 
4, lo 
4.02
3.,n 

99.999 
99.999 
99.999 
99.999 
99.999 

,168 
,167
.172 
,111 
,170 
.1,s 
,205 
,211 
.197 
.185 
,191 
,188

9.999£•0 l 
9,999f•nl 
t.999E•nl 
9,999E•nl
t.9t9E•nl 
6,709[-06
,.e19c-o• 
6,36IE-06 
6.4l4E•o6 
6,522E-o6 
4.z2sE-n6 
3,775E-06
3,491E-o6 
4,l41E-o6 
5,399[-06 
4.659r-o•
•• 963[•06 

99,99 
99,99
99,99 
99.99 
99.99 
59,55 
59,38 
60, 13 
60.00 
st.14 
63,20
••.z• 
65.o2
63,)9
61,85 
62,61 
62,JZ 

'19,99
99.99 
99.99
99,99 
99.99 
51,20 
53,05 
53, 71 
53,60 
5),46
56,42
57,39 
!1,04 
56,59
55,22
55,90 
55,64

99,99 
99,99 
,,.,,

99,99 
99,99

1,06
1,07
1,04
1.0•
I, o5

,90 
,15 
,II
·"
•••
,92
...
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slMULAT[O C[lloMETER ME•:>"'kcna�rs 

C[ !LOMET[R NO 

PR!� ,RY �ESPONSE 

llM[ YO•ERl �Ahf;El �ANG[2 AIT OAT[ 

, OU8 �,U"ll-o� ,198 .soo , I 00 
.025 
.o•z 

5.•SZt-tie 
s.�78E-oe 

, 189 
,193 

.500 

.soo 
,100 
, 100 

.o58 
,015 
.o92 

5.057[-0A 
•,'i'l�E-o� 
5, 159l-v• 

, 185 
, 199 
.195 

.soo 

.soo 

.soo 

• 100 
t1 on 
, I 00 

, 108 5. 052[-0� .197 ,500 ,\ 00 
.125 4,i7bE-UA .213 ,500 • 1 co 
, 1"2 
• l�B 

3, 11qt. .. ue 
4,0lbf•Uf' 

,224 
,218 

,500 
,500 

,100 
.100 

,175 3,Y99E-uH ,219 ,500 • l 00 
.192 
,208 
.us 
,242 

3,Y•JE-l'8 
3,oUlE-OH 
4,CJJ[-OR 
♦,l4bf•O� 

,220 
,?21 

.21H 
.�1' 

-��o 
,500
,soo 
.soo 

,100 
, I 00 
, l 01) 
• 1(�0 

.258 4, .. 87£-oe .zoq .soo • 100 

.215 

.292 
•.o75E-o� 
4 .2�Jl-t:f-

,217 
,213 

,500 
,500 

• l OD 
• 1 on 

,308 
.3<5 
, 342 

-,',lbl[-CEI 
!:i,t:t!>Jf .. (;P. 
•• u23E-re 

, 19• 
, 1a1 
, 178 

.soo 
,500 
.5oo 

,I 00 
, l 00 
el 00 

.3�tt 
.315 
,392 

b, 13•E-llf. 
b,55,Jl-OA 
t,,•n:iE-fl� 

,11b 

,161 
, 169 

.soo 
,500 
,soo 

•lVO 

• , no 
,100 

.•oe 
,425 
,442 

7 ,lioE-Ot! 
t,,Jl�[-:Jk 
b.l1$�E--nti 

,154 
,172 
.175 

,500 
.soo 
.soo 

, 1 00 
,\(),) 

• 100 
••�e �. 772(-fJij .1R3 .soo ■100 
.415 5, :S�•E--08 .191 .500 I 1 00 
.-92 
.500 

.,. . ,s1t-us 
•••�Sl-08 

,l03 
,20 I 

.soo 
.soo 

, I Oi) 

• I 00 
.525 
,5•2
.�so 

�,,59E-lJA 
1;,�9'IE•0l 
1, o 71 E-u7 

, 189 
99,999 

,()Q6 

.soo 
�9,999

, 130 

.100
99,999 

,060 
,575 
.�92 

l, lJ,.f .. o7 
I .20s[-07 

,093 
,089 

, 130 
,130 

.tl60
,06\) 

.608 1,0lJE-07 • 599 ,130 ,060 
,b25 
,6•2 
•b>8 

d,599E-OR 
1,055E-nA 
9, J.OtiE-u� 

,101 

,110 
, 104 

.130 
,130 
.130 

,OM) 
,')f.O
. ,,.o 

,t>75 7 ,407E-U6 , 113 , 130 ,060 
·••z 7.ll ot-oi:i , 114 ,130 , ObO 

, 108 e,,,1JJt:.-u� ,115 ,130 ,OM 

• 725 
.742 
, 758 
,"/75 
.792 

6.'l'Jttf .. ur. 
!>,t:19:lE-08 
•,!)!:ilE-0� 
7 ,ts97E-nfi 
7, tsb'tl-Vfl 

,115 
.120 
, 121 
, 140 
, 141 

,130 
,130 
.130 
,500 
•500 

,l)h0 
,Q60
• 060 
ti 00 
• l ('IQ 

,ff08 

.8l5 
1, 138E-Oh 
7,oS7E-v6 

, 143 
, 140 

.soo 

.soo 
, l 0/J 
• l 01'1 

,h2 
.8�8 
.815 
.89?. 

7,t>07E-HFI 
7,tt97E--JR 
7,d117E-ve 
7.b97E-Oo 

, 146 
.140 
.140 
.141l 

• 500 
,500 
.soo 
.SOJt 

I\ QC 
,1 on 
,I 00 
.LlDJl 

SECONDARY R[SPONS[ 

PO•ERl RANr,E l RANG[2 ATT RATE 

9.99'11E•nl 99,999 99.9q9 09.999 
9,999E•Ol 99,999 99,999 q9, 999 
9,999E•Ol 
9,999E•Ol 

99,999 
99,999 

99,999 
99,999 

99,999 
99,999

9.999E•Ol 99,999 99,999 99,999 
9.999E•Ol 99,999 99,999 99,999 
9,999[•1)1 
9,999E•Ol 

99,999 
99,999 

99,999
99,999

99.999 
99.999 

9,999[•01
9,999E•Ol
9,999E•Ol
9,999E•Ol 
9.999[•01 

99,999
99,999 
99,999 
99,999
99,999

999,, 999 
99,999
99,999 
99,999 
99,999

99,999
99,999 
99,999
99,999 
99,999 

9,999E•Ol 
9,999E•Ol

99,999
99,999 

99,999 
99,Q99

99,999
CJ9,999 

9.999E•Ol 
9.999E•Ol 

99,999 
99,999

99,999 
99,999

99,999
qq,999

9,999E•nl 9Q,999 Q9.999 99,999 
9,99'iE•t'l 99,999 99,999 99,999 
9.999E•Ol 99,999 99,999 99,999 
9,999E•Ol 99,999 99,999 99,999 
9,999E•t'1 
9.999E•Ol 

99,999 
99,999 

99 .999 
99,999 

99,999
09,999

9.999E•OI 99,999 99,999 Q9,999
9.999E•Ol 99,999 99,999 ,,. 999 
9, 999E • 01 99,999 99,999 •9.999
9,999E•nl 99,999 99,999 Q9,999
9,999E•Ol 99,999 9q,999 99,999
'i,999E.Ol 
9,999E•Ol 
9,999E♦l')l 

99,999
99,999 
99,999

99,999 
99,999
99,999 

99,999 
Q9,999 
Q9,999 

9,999E•Dl 99,999 99,999 99,999 
9,999E•Ol 99,999 99,999 99,999 

9.999E•OI 99,999 99.999 99,999 
6,o79E-08 
6,655E-OA 

,116 
• 165 

.500 
,CiOO 

,100
,100

7,l09E-OB , 154 ,500 • 100 
7,4ZZE-oe ,149 ,500 , 100 
6.JZbE-08 
1.23ZE-o8 
e.,ett•E-oe 
6.1Ut1E•08 
1.225E-08 
7,304E-08 
7,891[-08 
7. R23E-ne 
9.999E•nl 

,172 
,153 
,160 
,1�1 
,1�3 
, 152 
,140 
,141 

99,909 

,500 
,500
,500 
,500 
,500 
,500 
,5no 
,500 

99,999 

.100
, 100 
.100
.100
,100
, 100 
.100
,100 

c;,9, 999 
9.999E•Ol 99,999 99,999 Q9,999
9,999E•Ol 99,999 09.999 9q,999 
9,999E•Ol 99,999 99,999 q9,9q9 
9,999E.ol 99,999 99,999 99.999 
9.999E•Ol 99,999 99,999 99,999 
9,999[♦0] 
9.999E•Ol 

99,999 
«;,o.999 

99,999 
qq.qqq 

c;,9, 9q9 
QQ. QQQ 
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.908 7 • bll7l-t8 .140 .500 ell.JC 9,999E•nl 99.999 99,999 q9.999

.925 
,"i•Z 

7 ett9 7[-0q 
7, d�7l-r,R 

.140 

.140 
,soc 
.soo 

.ioo 
o!OO 

9.999l•Ol 
90 999E•0l

99,999 
99.0 9H 

99.999 
99,999 

99,999 
99,999 

,CJ58 71897t.•Ob • 140 .500 • 100 9,999t:.•Ol ,,.,,, 99.999 99,999 
1ti7S 
•':i'll2 

7.c:!tl4E-11e 
6.973E-u., 

• 152 
• 15• 

.500 
.�oo 

, 1 00 
.ioo 

91 999E+Ol
9,�91lE•Ol 

99,999
9Q,999 

99.999 
991999 

99,999
99,999

l 1008 7 1 3btt[.J'.'l& .151 .�oo , 1 on 9,999E•Ol ,,.,,, 99.999 99,999
l ,025 7,.HJE-08 , 151 .soo olOO 9.999E•Ol 99,999 99,999 99,999 
1 .o4z I, 4.JoE-06 .149 .500 • l 00 9.999E1nt 99.999 99.999 99,999 
1 .o5e 
I •075 

7.175[-0p 
b,'12"i1E-•JH 

• \55 
.160 

.,oo 
.�oo 

, ton 
,I 01'1 

9,999E•Ol 
9,999E•t>l 

99.999 
99,999 

991999 
99.999

,,.,,, 
,,.,,,

I •092 b,lHd[.r 8 • 17'1 ,500 , I OU 9,999E•Oi 99,999 99,999 99,999 
11108 s.1f:ilot:.-,J1:t • 182 .500 o1 on 9,99'il•Ol 99,999 99.999 "9.999 
1.125 
l.!•Z 

bel!>'i!E•L'M 

!:>, ttuJC-1)8 
1 t 7 l 
•)82 

.500 
,soo 

.! 00 
ol 0� 

9,999l•Ol 
9.999E•Ol

9q.999 
99.999 

99,999 
99.999 

99,999 
99.999

1.1se !::.. 7tPE•Oh • 1aJ .500 • I 00 9.999E•Ol 99.999 99.999 99.999 
1.175 !::..'iut1E-U8 • 180 .500 , I {\n 9,999E•Ol 99.999 99.999 99,999
l • 192 
1.zue 
1.zzs 

Q.9lil'-f.•(Jl 
1. ltiOE-0 7 
l .L'.,,JE-1'7 

9q.99Q 
• 092 
• 5es 

99.999 
•130 
.no 

99.q9q 
• :'Jf,0 

.n&o 

9.999l•nl 
9.999E•Ol 
',l.999E•Ol

99.999 
99.0 H9
99,999 

99.999
99.999
99.9«>9

Q9.999 
Q9.999 
q9.999 

1 .z4z 1 .47bE-07 .076 .IJO .060 9,999E•Ol 99,999 9q.999 q9.999
1.25s l .4J7E-o7 •o7tt .IJO .JM •.e9•E-oe .zoo .soo •100
1.215 
1.292 
1 .Joe 

1. :.1"12[-117 
l .4.,,)E-117 
l.•7JE-v7 

• 070 
• �75 
• 07& 

.no 
, 130 
• 130 

,i}f.O 
.�f-+n 
-��o 

3.9s•E-oe 
3,572£-08 
Z.951E-08 

.z19 
.zz1 
,240 

.soo 

.soo 

.�oo 

•100 
• 100 
• 100 

1.325 1.,o�E-07 .01s • IJO .o60 J 0 Z5ll-o8 .zn .5oo • 100 
1.J... 2 
1.358 

l.JIHE•C17 
4!.4t4bl-�H 

•08•) 
.?50 

.130 
,soo 

,o,-..iJ 
o100 

Z. 578E-08 
9,999E•nl 

.247 

99,999 
.soo 

99,999
, 100 

CJ9,999 
1.J75 '.$, l•oE-118 .236 .500 .ioo 9,99SIE•nl 99.999 99,999 «>9.999 
!.3SZ Z.!>7 IE-t8 .241 ,!-:loo • 1 00 9•999£ • O l 99.999 99.999 Q9.999
l ,408 "'•'199E••1l 99 .999 99.999 99,999 9.99'ilE•l'Jl 99,999 99.999 99.999
l ,♦25 9.9'Jl9E••Jl 9q.99 l ' 99.999 99,999 9,999E•nl 99.999 99,999 99.999 
1.442 9. 'l.,_9E• ,)1 99.999 99.999 99.999 9.999E•Ol 99,999 99,999 99,999
I ••Se 9,li/99£.1.11 99.999 99,999 99.999 9,999£.01 99.999 99,999 99.999 
I •475 9.Y'l9E•!ll ',19.999 99,999 99,9c.,9 9,999E•nl 99.999 99.999 99,999
1,41i12 ',1,99�E.vl 9�,Q99 99,999 99,999 9,999£.01 99.999 99.999 99,999 
lo508 J,ou3E.-Ufol .zz3 ,500 .lOll 9,999E•nJ 99,999 99.999 99, 99q 
I .525 •.013E .. oa .ZJ8 ,500 o\00 9.999E.ol 99,999 99,999 99,999 
1 .s•z "'•ltibt.•UI\ ,215 ,500 .100 9,999t:•Ol 99.999 99,999 q9,999
1.s5e 
l ,575 

3,VYl:tf•US 
3 ... �•)E-0� 

.219 

.zz9 
,500 
,500 

•l 00 
.ioo 

9,999E•ol 
9.999E•Ol 

99.999 
99,999 

99.999 
99.999 

99,999 
99,999

lo5'ilZ 3, 'i32l-LA .220 .soo •l OJ 9,999E•ol 99.9Q9 99.999 99,999 
l ,bOB 
lo6l5 

••u•lE•UR 
3,Y9lE-C8 

.Zia 

.219 
,soo 
,sou 

, 100 
• l 00 

9,999E•Dl 
9,999[♦1)1

99,999 
99,999 

99,999
99.999 

99,999 
99.999 

l ,6•2 4.l3•E-O� ,214 ,soo ,100 9e999E•Ol 99.999 99.999 99.999 
I .&58 4,vb2E-l.lA .217 .5oo , l 00 �,999E•ol 99.999 99.999 99,999
I 0675 
1,692 

J.♦•uE-IJJ\ 
3• ,tibE-nk 

.230 
.zz1 

.soo 

.500 
• too 
•100

9,999E•Ol 
t.999E•Ol

99,999 
99.999 

99.999 
99.999

,9,999
99,999

I• 708 •• .lijl[-OR .215 .500 ,100 9.999E•Ol 99,999 99,999 99,999
1. 725 4.�JdE-c8 .zoo ,soo olOO 9.999E•ol 99.999 99.999 ,9,999 
l•7•Z 
l, 758 

5.o53E-oa 
!>,Slfbf-08 

• 181 
•187 

.500 

.soo 
•100 
.ioo 

9,999E•Ol
9,999[♦1)1 

99.999 
99.999 

99,999 
99,999 

99,999 
99.999

J.775 
1.792 
1,808 
1,825 

s.�abE-OR 
5;.ilolE-08 
S,l•1E-ne 
1. o•oE-01 

• ,�1 
.194 
.191 
.J98 

,soo 
.5oo 
.500 
.130 

• 100 
,t 00 
, 100 
• Q60 

9e999E.•Ol 
9.999E•ol
9,999E•Ol 
9,999E•Ol 

9q,999 
99.999 
99,999 
99,999 

99,999 
99.999 
99.999 
99.999 

99.999 
99.999 
,,.,,, 
99.999 

l •8•2 
1.858 

s.�JZE-Oe 
l, OObE-07 

• \OZ 

.o99 
.130 
.IJO 

0060 
,060 

9,999E•01 
9.999E•Ol 

99.999 
99.999 

99,999 
99.999 

99.999
99,999 

I 0875 9. 1u•E-U8 • I Ol .130 ,060 9.999E•0I 99,999 99.999 99.999 
I .8'ilZ 
l ,90ti 
I 0925 

s.JosE-oa 
7 ,•02c-08 
t1.0HlE-08 

• I 08 
•l 13 
• 109 

.no 

.130 

.Do 

,('160 
,0#10 
,060 

9,999E•Ol 
6. 07'i'E•08 
6, 028E-08 

99,999 
.111 
.111 

99,999 
.soo 
.soo 

99.999 
•100
•100

l•9•2 
I.958 

9. 75'1E-08 
9.u5ZE-oe 

,l Ol 
• 104 

.130 

.130 
,060 
• 060 

6. 784E-OI 
6.3Z7E-o8 

0l&Z 
.in 

.soo 
,500 

•100 
•100 

I 0975 
1,992 

bo 115E-Oti 
',I, ts37E-oA 

, 1 Ob 
. 1 nn 

.130 
• 13n 

, 060 
.n-.n 

5.868E-08 
6.n6uE-n" 

.181 
.117 

.soo 

.!nn 
•100 
• 1 nn 
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l,008 
2,0�5 
z.O«.Z 
z.o�ti 

l ,u7Cf.•ll7 
l ,Ub4l•''7 
1.13�[-07
l.ObOt::-117 

,1')96 
.o9s 
• i93 
• 597 

.llo 
• 130 
.130
.130 

• OfoO 
•(J#IO 
,(\�O 
,nflO 

1.033!:- -oe 
6, 71 �E-08 
•• 232£-08 
6,828E-o8

, 15 7 
.164 
.173 
.1�1 

,soo 
,500 
.500 
,500 

• I 00 
.100 
.1no 
.100 

2.0·1� 
<•OY2 

l, lbb[-117 
Y.cao•f-G� 

.':'91 
• I Ol 

.130 
• I JO 

• 01-tO 
• n,-o 

7. l SJE-08 
6,340£•08 

• 155 
.111 

,500 
.sno 

• I 00 
• 100 

z.iue 
2. llS 
C: .142 
2.1�8 

'i,�27(•Utl 
b, l3•E•Otl 
tt.��ZE-< A 
&.b'ivE•C!A 

•I OJ 
, I OY 
.117 
• lo• 

.130 
• 130 
.no 
.130 

,1)60 
.�60 

,of,O 
• �60 

6.649E-08 
6.542£-08
6.19JE-oe 
6,SSbE-08

,165 
,167 
, 174 
.167 

.�oo 
,500 
.500 
.sno 

.100 
•loo
• 100 
• ion 

2. I IS 
2.1�2 

7,UtHi[ .. llR 
7 ,illll-1,;ti 

.1 .. 
.11• 

.130 

.llo
.o, 0 
• ;,,,.o 

5.•5uE-oe 
4,Y95E-oe 

.1•9
,198 

,500 
.5no 

• }Ot) 
.100

2.20& 
2,US 
2.2•2 
Z.2SIS 
2.us 
l,2'#2 
2.Joa 
2.32� 
2.3•2 
c,3,e 
2.375 

b,7bUE•OR 
7 ,"ifOtlE•l'l� 
7. 'i)t-[ .. f'l8 
7 • /2ti£•l'� 
�d33E-t'P 
7 .11 ;t:.-11� 
7.JJ>f-1..,
1.�on: .. ,1" 
'i,D7bE-.JA 
1.o•lE-•n 
l, l2nf-l.1 

, 106 
.1111 
.110 
,Ill 
.120 
.11• 
, 113 
, 112 
, l OU 
.'19H 
,ti9J 

.130 

.130 

.13o 

.130 

.130

.130 

.130 

.130

.130 

.llo 
• 130 

• l)f'.,10 
,n60 
··Jl-0 
,,if,f) 

• ),.0 
. \.,,� 

,!lbU 
,)f.C, 
,060 
.!)60
.1,-u 

s.21lE-ns 
S.Y96E-08 
6. 1 oJE-08 
o.132E-o8
6. l♦bE-ne 
6•u97E-08 
S.92•t-OR 
6.r,29£-08 
!».A6CE•08 
s. 731£-08 
o.915E•OR 

• 1•3 
,178 
.l 76 
.175 
.115 
.116 
,ho 

•l 78 
• l•l 
.1�• 

• l1<iO 

.sno 

.5no 

.soo 

.5no 
,500 
.5no 
.soo 
,5no 
,500 
,500 
,500

•too 
•lOtl 
.100 
•100
.100

.100
•100
.100
.100
•100
.100

Z,J'iZ 
2•• oe 
2.•is 

o,HiP[-08 
7 .eZbE.-llR 
6. 312[-(18 

, \ 06 
.111 
.in 

• llfl 
.130 
.�oo 

•1)60 
• 060 
•1 on 

6. 34UE•08 
6.449[-08
9.99'iE+Ol 

.111 
,169

99.999 

,500 
,500

99.999

• 100 
• 100 

Q9.999 

2,442 C.(ISb[-(l@ .111 .soo • l \JO 9.991iE•Ol 99.999 99,999 99.999 
Z.4�8 
2 •• ,� 
2 .... 2 

6. •J2E-oa 
t>.J9lE-•a;i 
6,Jl:iHE•(:8 

.110 

.11n 
• t 71J 

.soo 
,500 
,soo 

• l 00
,tno 

• 1 00 

9.999E•ol 
9,999E•Ol 
9,999[+01

99.999
99,999 
99.999 

99,9Q9 
99,999 
9S.999

99.999 
•9.999 
99,9(;)9

2.5ua 0, 77b[•llt- .163 .soo .lOCl 9.999E•Ol 9Q,9Q9 99.999 q9,999
2.s2s 
2.s.. 2 

t,, 792£-,iA 
6.calSl-OP 

.162 
• t6b 

.soo 

.soo 
• 1 Oil 
• 1 00 

9,991iE+C'll 
9.99'ilE•nl 

99.9Q9 
99,999 

99,999 
99.999 

q9.9q9
99.999 

2.s�a f.J,bU�E-OP .166 .soo •I00 9,999[+()1 99.999 99.999 9q.999 

2.,15 ::,, 11-i\lE-O.,i , 182 .soo • 100 9.999E•OI 99,999 99.999 99.999 
2.592 b.2•2E-u� .17 J .soo •1 00 11.999E+t)l 99,999 99.999 Q9,999 
2.601:, b.co IE-Od , 174 .soo • l OCJ 9.999f•Ol 99.999 99,999 99.999
2.b�S 6.JbuE-ue .111 .soo •1 on 9.999E+Ol 99,999 99.999 99,999

2,6•2 
2,051:t 
2.b7S 
2.692 
2.1ott 

7. UO][ .. t.,R 
0, O!:>bE-t18 
b.2-•E•OR 
6,bb .. (-OK 

b,t:.12E-flh

• 158 
.111 

.113 

.16• 
.11• 

.soo 

.soo 
,500 
.soo 
,soo 

•l CO 
•1 00 
,10(' 
.JOO 
,1(11} 

9.999E•Ol 
9,999E+nt 
9.999E.•nl 
9,999E•Ol 
9.999l•Ol 

99,999 
99;999 
99,999 
99,999
99.999 

99.q99 
99.999 
99,999 
99,999
99.999

99.999 
Q9,999
Q9.999
99,999
99.999 

2.7i5 
z.1•2 

S. 79 11:.-(Jf; 
tt,bliE•uR 

• 182 
.202 

.soo 

.soo 
,l 00 
.100 

9.999[+01 
9.999l+Ol 

99,999 
99,999 

99.999 
99.999 

99.999 
q9,99q 

2.75� 4 • O•bl-UA • 206 .soo • 1 eo 9,999E.ol 99,999 99.999 CJ9,999

2-775 
�. 1\J� 

2.soe 

],o!,t,[ .. l,A 
3.l77E-t8 
li.'ililliE•\11 

.225 
,23� 

9'1.999 

.soo 

.soo 
'iQ.999 

.ion 
•100 

99,qqr,i 

9.99¥[+1)1 
9.99'iE+Ol 
9,999E•Ol 

99,999 
99,999 
99,999 

99,999
99.999 
99.999

99,999
99,999
99.999 

2.ezs �.9'il9E+Ol Q9,999 Yfil.999 99.QQ? 9.999E+Ol 99,999 99.999 99,999 

2,K•Z 9,'ti't'IE•fl 1 99.99q 99.999 9Q.999 9 • 999E • 01 9q.999 99.999 Q9.999 

2.as• 
2.�,s 
Z•tl'iZ 

9,'11':il\lE.+n l 
9.'11'19[+1}) 
�.\IV9E+Ul 

Q9.q99 
99.Q99 
99.99'1 

,9.999 
99.999 
Y9.Y9Y 

99.q99 
9',),qqg 
'i9,q99 

9,Q99E•Ol 
9.999E•Ol
9,99�E•Ol

99.999 
,�.999 
99,999

99.999
99.999 
99.999 

CJ9.999
qq.999
99.999

2.yoe 
2.925 
Z,942 

Y.'i'll-,E•til 
V.Y�9E+Ol 
9.lill:fYl•'ll 

"119.99'-I 
99,'199 
99,Q99 

99.999 
't9,999 
99. 999 

91ii,9C,9 
99.9 99 
99.999 

9,999E+Ol
9,99'iE+Ol
9,999E+t'll 

99.999 
99,999
99.999 

99.999 
99.999 
99,999 

q9,999
99,999
99,999

2-9�& 
2.975 
2.SY?. 

1.·obl[-C,7 
b,«. 7•E•'.'R 
ti.i�CE-CA 

.097 

.107 
• \09 

• l 30 
.13o 
.130

,6h? 
• (1611 
• f)lo.0 

9,99�E+Ol 
•,60lf.-08 
♦.RttSE-08 

9q,999 
,206 
.201 

99.999
.500
.500 

99.999
•100
• 100 
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