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1 INTRODUCTION AND SUMMARY
A, Background

The state of the sky is typically described by a few inte-
grated parameters, suci as the total sky cover, the cloud amoint in
layers, and the ceiling height, This summarizes what might be quite
complicated phenomena, only small portions of which are sampled by
ceilometers and other instruments. The present procedure for reporting
the state of the sky relies heavily on human observers to make visual
observations and interprat instrument readings. To automate this sys-
tem, one must be able to specify the required instrument characteristics
and the procedures for processing data to reiate instrument readings
to actual sky conditions,.

In an earlier phase of this contract, we developed a mathe-
matical cloud model as a tool for solving these problems (Duda, Mancuso
and Blackmer, 1970), This model describes a sky composed of several
layers of clouds at different mean bese heights, each layer moving st
a specified speed in a specified direction. The clouds in each layer
are described by specifying a number of parameters, such as the mean
length and percent sky cover, By varying these parameters, a wide
variety of sky conditions can be obtained. This model was implemented
as a digital computer program that calculates the responses of vertically-
pointing ceilometers to the model sky conditions. By using this simula-
tion program, the behavior of an automatic system for describing the
state of sky can be determined.

B. Objectives

The basic objectives of the work described in this report
ware to gain insight into the cost/effectiveness of various sampling
and processing strategies, and to compare the performance of various
ceilometers, both to evaiuate current sensors and to establish speci-
fications for future instruments. The investigation involved three
major tasks:

(1) Sampling and processing studies,

(2) Ceilometer studies, and

(3) Feasibility and cost comparisons,




In Task 1, the emphasis was on determining the spatial and
temporal sampling and the data processiny;; necessary to describe cloud
amount and ceiling height to a specified degree of accuracy. Most of
this work involved ideal or error-free instruments, althougl the effects
of instrument limitations were also considered. The purpose of Task 2
was to evaluate the ability of vertically-pointing and scanning instru~
ments to measure cloud amount and ceiling height, and to determine
instrument characteristics needed to meet given operating specifications,
Task 3 involved the use of the simulation program to determine the tech-
nical feasibility of an automatic system. It also included a cost com-
parison with a nonautomated system to deiermine economic feasibility,

The remainder of this report presents the results of our
research on these three tasks. The organization of the report is based
on the natural division of the problem into the separate problems of
cloud-amount estimation, cloud base-height estimation, and cost compari-
sons. In the remainder of this section we summarize the major results
of this work and show how they relate to the three major tasks.

C. Task l--Sampling and Processing Studies

The basic sampling problem is to determine the spatial and
temporal sampling required to determine cloud amouit and cloud base
height to a specified degree of accuracy. Since the defermination of
cloud amount or cloud base height required processing the data obtained
from sampling, sampling and processing were often considered togethcr.
The primary processing technique for cloud amount estimation was the
time averaging of readings from the various instruments. A grcater
variety of techniques were considered for cloud height estimation,
including techniques for probability density function estimation, mix-
ture density analysis, and clustering.

Most of our studies involved ideal instruments that gave
exact reports of the conditions they sampled. The sampling error is due
to the fact that not all points in space and time are sampled.  Iu addi-
tion, intervening lower layers can interrupt the sampling ! upper layers,
A combination of mathematical analysis and computer simulation was used

to show how the error depended on the following factors:




(1) Sampling parameters

(a; Number of sensors n
(b) Area covered A
(c) Sensor configuration -
(d) Time between samples At

(2) Processing parameters

(a) Averaging time T
(b) Window widths w
(¢) Number of cluster centers c

(3) Cloud parameters
(a) Mean cloud length
(b) Cloud amount c
(¢c) Cloud speed v
(d) Mean base height
(e) Base-height standard deviation 5]

(f) Base-height correlation distance d

The major results of this study can be summarized as follows,
The root mean square error 8 in estimating cloud amount was found to
depend primarily upon /A/zm. Figure 6 shows the number of instruments
needed to obtain a specified ¢ for a worst case situation with ca = 0,5
and no time averaging. By optimum time averaging, the required number
of instruments can be reduced greatly, with four vertically-pointing
instruments theoietically being able to exceed human performance.

The root mean square error in estimating the base height

f a single cloud layer depends primarily upon O, and v1/d, and there

e¢xist theoretically optimum procedures for Samplgng and processing,

The multiple-layer case ls much more difficult. In our expecriments,
zood regults were obtained with a simple hierarchical clustering
procedure described in Section IV-D-2. This procedure was able to
determine the number of cloud layers, the mean height of caech laycr,

and the cloud amount in layers for a variety of experimental conditions.

rise results may be sensitive to ipstrument limitations, and an

investigation of way- to detect and overcome the effects of intericrence




and precipitation is needed. A discussion of these prcblems concludes

Section 1V,
D. Task 2~-Ceilometer Studies

The goal of Task 2 was to evaluate the performarce of both
vertically~pointing and scanning instruments used to neasurc cloud
amount and ceiling height, and t¢ relate performance to required instru-
ment characteristics, In this work, the model was used to provide infor-
mation about the true sky conditionz, allowing comparisons against an
objective gtandard.

' The performance of vertically pointing instruments is directly
related to root mean square error §. A majof result of our study was to
relate 8 to the time AT between measurements. Even if AT is zero, some
error amin is unavoidable. The percentage increase in 5 as a function
of AT was determined, and a criterion for selecting AT is suggested in
Section III-C-2, For cloud amount estimation, this criterion depends
on the cloud speed v and the mean cloud length Em' For cloud base
height estimation, it depends on the cloud speed and the base height
correlation distance d. Actual selection of instrument parameters
requires a decision about the range of cloud concitions over which a
desired performance is to be achieved; such decisions were considerecd
to be outside of the scope of this study.

Our original simulation model did nct include provisions for
scanning instruments. To add these instruments to our study, we limited
our attention to a single cloud layer and worked in terms of an equiva-
lent system of vertically-poiunting inutruments. The chief advantage of
scanning instruments is that for intermediate and high clouds, one
scanning instrument can replace many vertically-pointing instruments.
However, it was found that the performance of scanning instruments was
limited at low ceiling heights by geometrical constraints (see Section
[I1-E). In addition to sampling problems, there are particulur problcms
ussociated with the physics of different kinds of instruments, For
cxample, the gerformance of scanning radars depends on the wavelength

4ind pulse length used, and the usefulness of scanning lidars might be




limited by safety considerations, Appendix A contains a discussion of
these considerations for radar systems, and Appendix B contains a
similar discussion for lidar systems. The results of our sampling
study also apply to other types of scanning sensors, such ar the
passive infra-red sensor, but only the radar and lidar systems werec
considered in deteil.

E. Task 3--Feasibility and Cost Comparisons

The feasibility of an automatic system depends upon many
factors, including the performance required and the nature of the con-
ditions at the particular airport. To the extent that our model accurately
describes sky conditions and instrument characteristics, we have demoa~
strated the technical feasibility of an automatic system for measuring
cloud amount at least as accurately as is done at present. The technical
feasibility of using clustering techrniques to automatically determine
cloud base heights was also demonstrated, both with the model data and
with a small sample of actual ceilometer data. However, some further
development of these cechniques will probably be needed to accommodate
prossible bad effects of interference and precipitation.

Section V contains a compdrison of the cost of an automatic

system and the cost of the present manual system. In this comparison,

it was assumed that both systems gave equivalent performance, and other
possible benefits of either system were not considered. It was found
that the results depended on the frequency with which cioud amount and
ceiling height reports are needed. If the present frequency of one
reading per hour ig satisfactory, then the current manual system is
less expensive. However, if readings are required every ten minutes

or more often, autcmatic systems can be less expensive. The effects of
cost uncertainties are included in this analysis.

F. Report Orgunization

The remainder of this report contains the technical material
that justifies these conclusions. Section II reviews the cloud model.
1t describes the parameters involved in our study and their effects on
the simulation ky conditions. Seetion 111 is concerned with cloud

estimation. It includes precise definitions of terms, and separate

——
[41]




studies of estimation by single vertically-pointing instiruments and

scanning instruments. Section 1V is concerned with cloud base-height
estimation. It defines base heights for multiple-layer clouds in terms
of the parameters in a mixture density function. The result(s >f various
techniques for estimating density functions and clustecing cloud-height
readings are reported. Section V shows how these theoretical results
can be used to determine instrument and data processing requirements.
Section VI presents the cost comparison, and Section ViI presents the . ]

conclusions of the study.
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THE CLOUD MODEL

A. Introduction

In this section we give a brief review of those aspects of

the cloui model that one must know to understand the rest orf this

report; a comnplets description of the cloud modei is given in the
The cloud model describes

report by Duda, Mancuso and Blackmer (1970).

The c¢louds in each

a sky conposed of on2 or more layers of clouds.

layer havz random characteristics, but their statistical properties are

Since these parameters have con-

fixed by a small number of parameters.

stant valtes everywhere in a given layer, each layer is statistically

homogencous .
The geometrical parameters determine the sizes and shapes of

They fall into two classes, those that affect the plan

the clouds.

view and those that affect the profile view.

a layer

In plan view,

looks like an infinite plane covered with a scaticring of possibly over-

lapping rectangles of different sizes. If the cloud amount is five

tenths or less, thesec rectangles represent clouds, while if the cloud
To simplify the follow-

amount exceeds tive tenths they represent holes.

ing discussion, we shall assume that the rectangular areas are clouds.

If the cloud amount exceeds five tenths, the statements made about

clouds should be interpreted as pertaining to holes.

Parameters

Plan-\ _.ew

B'

The appearance of the clouds in plan view is affected by the

following parameters:

(1) Mean length lm (m)*
)

(2)
(3) Cloud amount c =)
v (n/s)

(rad)

Aspect ratio

{4) Cloud speed
(3)
(s)

6).
(7) La&er ending time te (s)

Cloud direction

heginning time

Layer

*
In some cases distances will be reported in feet rather than metcers.




The clouds generated by the model are rectangles of length
¢ ir the direction of motion and width pf normal to the direction of
motion, The lengilis 2 have an evponential distribution that is com-
pletely specified by the mean length zm. The cloud amount :u specifics
the fraction of the entire infinite plane that is covered with clouds.
The cloud amount over some specified area A may be either less than or
greater than ca, and will vary as the clouds move. All of the clouds
in a given layer move in unison with the common speed v in a common
direction specified by wc. This greatly simplifies the computation of
the instrument responses as a functicn of time. The instrument loca-
tions are given in a conventional, earth-referenced xy-coordinate sys-
tem. If one wants to consider only part of the infinite cloud layer, a

strip of clouds can be defined by t, and te. The layer-beginning-time

b
tb specifies the time at which the leading edge of the layer passes over
the origin, and the layer-ending time does the same thing for the trail-
ing edge.

C. Profile-View Parameters

The appearance of the clouds in profile view is affected by

the following parameters:

(1) Mean thickness t (m)
(2) Mean base height h (m)
(3) Base-height standard deviation Ob (m)
(4) Base-height correlation distance d (m)

The tops of the clouds are always located at h + %. The base
height h(x) is a randomly generated function of x, having mean h and
standard deviation‘jb. The correlation coefficient between two base
heights a distance [ apart is given by exp[-g/d], where d is the base-
height correlation distance, Thus, adjacent base-height values are
correlated, but the correlation is very small between points that are
separated by distances much greater than d. As the cliouds move, the
base~height profile moves with them. Thus, if the x-axis is aligned
with the direction of cloud motion, the base height function should
really be written as h(x + vt), so that h(x) gives the bhase height at

time t = 0,




D, Instrument Parameters and Normalization

Most of this report is concerned with the response of ideal
instruments to sky conditions that can be generated by the cloud model.
By an ideal instrument, we mean one that sights along a straight line,
does not give a response when no clouds are intercepted, and gives the
exact range to the first point of intersection when a cloud is inter-
cepted. With an ideal vertically-pointing instrument, the line of sight
is to the zenith, We do not assume that the base height readings are
obtained continually, but rather that readings are made every AT seconds.
For an ideal vertically-pointing instrument, this is the only instrument
parameter of interest. '

In general, an ideal vertically-pointing instrument provides
samples of the base-height function h(x). If we assume for simplicity
that the instrument is located at the origin and that the x-axis is
aligned with the direction of cloud motion, then at the kth sampling
instant we obtain the reading h(kvAT). This shows that not all of the
parameters are independent variables. If v were doubled, AT were halved,
and all other conditions were left the same, exactly the same sequence
of readings would be obtained. By normalizing the dimensional parameters
with respect to distance and time, we can reduce the number of variables
and simplify the presentation of results. While normalization can be
done in many ways, we most frequently will use the mean cloud length Lm
to normalize distances and the sampling interval AT to normalize time.
Thus, the normalized correlation distance is d/zm, and the normalized

*k
cloud speed is vAT/Lm.

*This normalization is most convenient in the single-layer case, With
multiple layers, one can use the mean cloud length in the lowest layer
for normalization, but this is somewhat inconvenient, In such cases
we occasionally use the square root of the ajrport area to normalize
distances.




111 CLOUD ANMCUKT ESTIMATIUA
A. Defimitioas

Whea 3ky cover is estimated by human observers, it 1s usuai.,
reported as tesths or 2ighths of the sky covered by surface-dased
phenocaens and by cluuds or obscuring paenomena Ir each lares alell,
The evaluatios is made in terms of the entire sky area abov- 13 loval
or spbarert borizom, asmd is furdamntalily 2 surface-based ofser~atiuo,
limited tc a vwughly circeiar arex of seversl miles radivs centered
roou: the obtserver.

hea iestruemenis sre sived to give ap chjectiyr ™eaSUre i
cload ameckt, it is necessary (o be soxewhat more precise 31a deli_Jing
Cclood amount, prrticularly sita segard to the arei invalved. 3 simic
vertically-poiting instrwment gives an excellent report -7 the clowd
mognt direstiy above that instroment, bul may noT give a1 corerect
Tepnrt of the cloud zmommt in s circular ares of. say, fite-xmiie ragivs
arouond tlal imnstromeat. In fact, z “mman observer 2as 3 s:nilar I:imaxtla-
tioa, but since be cam cvsrelly observe the eptire ar2a of interesi for
aperatioas at oae airport, this limitaziom is uscvaliy 20T :eticed.

In this report, se defime the clomé amvert over 2z given area
A as the fractivom of that area covered by 2 wertical projectior o2 (ke
clouds onto the grouni. Then several larers are present, his uelimes
the total ciovd smount. Ja Sescribing tde cload 