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1.0 INTRODUCTION The fundamental modeling assumption is that the
The purpose of this study is to explore the basic autocorrelation coefficients for sky cover decay expo-el prponsipsbeothiw su the baimaticfreque istric- nentially with time or distance. Also, the correlation

relationships between the climatic frequency distribu- coefficient for CLOS under fixed sky cover conditions
tion of sky cover and the frequency and duration of is assumed to decay exponentially with time. The
Cloudy-Lines-of-Sight (CLOS) from one or more i sue odcyepnnilywt ie h

Clouy-Lnesof-igh (CLS) romoneor ore expression forthc temporal autocorrelation cocfficicnt
ground sites to points in space. The determination of is tsmply

Cl.OS probability is of particular importance for the
assessment of expected downtime of ground-based Pt = exp (-t), (1)
laser, opticaldatalinkandorbital surveillance systems. where t is elapsed time and t is the preselected relax-
Through a series of model calculations, estimates are ation time. The corresponding expression for the
made of the incremental changes in CLOS persistence spatial autocorrelation coefficient is
and recurrence that correspond to changes in the clim atic
frequency of overcast, broken, scattered and clear sky Pd - exp (-d/D), (2)
conditions. where d is the site separation distance and D is the input

The modelcalculationsofCLOSbehaviorareofthe value for the relaxation distance. These correlationfollowing type: functions are used in determining rec,;rrence prob-
abilities.

a. Given the climatic frequency of sky cover at aselected ground site, what is the likelihood that a path In this study, nominal input values were used for sky
of sight with zenith angle l cover relaxation time (16 hours), sky cover relaxationdistance (500 mi) and CLOS relaxation time (30 min).

1) will be obscured by clouds? The effects of uncertainties in these values will be

2) will be obscured by clouds at a particular assessed in association with some of the results as

time and then be obscured by clouds again after tabulated below.

time interval t? The modeling procedures (Hering, 1989) are simple

3) will be obscured by clouds continuously and easy to apply. The transformation to the equivalent
over time interval t? normal deviate values are exact for any climatic cu-mulative frequency distribution. Oncemade, the model

b. Given the climatic frequency distribution of sky estimates of joint event (recurrence) probability are
cover at a group of selected ground sites, what is the given by a simple regression equation for the bivariate
joint occurrence frequency and joint persistence normal distribution as follows:
probability of CLOS events such as those listed in (1),
(2) and (3) above as a function of site separation Yt 2Y + 1 t t3
distance d?

where ilt is the END corresponding to the conditional
2.0 MODELING PROCEDURES probability Pr (y < yt I yo), and yo and yt are END

The determination of CLOS recurrence and per- equivalents of the cumulative frequency of the initial
sistence probability in this study were made using the and final events, respectively. Thus, the expression
bivariate normal distribution (see Gringorten, 1972). yields the conditional probability of a weather event
The analytic stochastic model is based upon the following a prescribed initial condition.
Omstein-Uhlenbeck class of the simple Markov pro- The value of yo in Eq. 3 is defined uniquely for
cess. A discussion of the procedures for modeling continuous variables by the cumulative frequency
CLOS behavior is given in a previous report (Hering, distribution at the initial time. Forvariables expressed1989).ditbuinathintatieFovaibeexrsd

only in categories, such as sky cover amount, it is
Markov model determinationsofevent probabilities important to sub; ..dc the category probability range

are made through initial conversion of climatic fre- into subsets with smaller but equal ranges. The cal-
quency distributions of sky cover into corresponding culations of conditional probability should be carried
values of Equivalent Normal Deviate (END). The out in turn using each of the subset midpoints as yo and
transformation for any cumulative frequency distri- the results avered to yield the composite result for
bution can be made using standard statistical tables or the sky-cover category. Experience shows that divi-
by computationally fast algorithms. sion into 6 subsets is sufficient for good results.



A mathematical solution of persistence probability 3.0 CLOS AS A FUNCTION OF SKY COVER
forthebivariatenormaldistributionis givenbyKeilson AND PATH OF SIGHT
and Ross (1975). Since the computer routine for the The first 01 many approximations in the modcling
formal solution is lengthy, an alternative analytical Tess els any approsimatic incrhe indeling
solution was developed for the CLOS determinations psrocess deals t hth the systematic increase in cloud
which provides reliable approxmaticn of the formal obscuration as the path of sight shifts from overhead to
solution overthe desired range of output. The Keilson- a direction nearer the horizon in partial sky cover
Rosssolutionforthe case where the climatic cumulative conditions. In this study the Allen and Malick (1983)
frequency of the weather event is 50 percent is simply approximation is used which represents a composite

result for all cloud types. The expressions for the
F0 = (1/n) sin-1 (exp -t/t) (4) probability of a cloud-free line-of-sight Pr (s, 0) as a

function of fractional sky cover, s, and zenith observ-where F0 is the unconditional probability that y < yo n0 nl,0 r sflos

throughout the time interval t. ing angle, 0, are as follows:

The solutions for Yo # 0 in this study were ap- Pr (s, 0) PS (1+btanO) (6)

proximated by where

fr (Y ) = f(Fo) + yo (l+0.13e-0 "9t/a) Ps -s(I+3s) /4 (7)

.. -25 yo 5-2] b 0.55- s/2. (8)

[0:5e-0 .9 t/ _<3 (5) The probability of CLOS is, of course, I - Pr (s, 0).

The leterminations of CLOS probability in this
where fr (yo) is the END corresponding to the prob- study we, ! made for a zenith viewing angle of 30 deg.
ability that y-< yo throughout the time interval, f(Fo) is Notice in Fig. 1 that the model approximation for 0 =
the END of F0 in Eq. 4, and Yo is the unconditional 30 deg represents the overhead portion of the sky dome
prcbability of the weather event. In contrast with Eq. from zenith down to 0 = 50 deg to within a few per-
2 for recurrence probability, the persistence expression centage points over the full range of sky cover.
(Eq. 5) assumes that the climatic frequency of the event
remains the same throughout the interval. F

The sequence of four steps for the determination of _

CLOS recurrence and persistence for both single and < o -
multiple sites is as follows:

a.

a. calculation ofCLOS probability as a function of S 6 e o
zenith angle 0 and particular category of sky cover ' -
amount, 0 40 .

Z 0e.50'
b. calculation of CLOS recurrence and persistence 0Ui20

probability as a function of time interval for specific cu'
individual categories of sky cover, 0 - I I I I I I I

O 0 02 04 06 0.8
c. calculation of sky-cover amount recurrence and FRACTION OF SKY COVER

persistence probability as a function of time interval,
site separation distance, and the climatic frequency Fig. 1. Probabilityofacloud-freeline-of-sightasafunction
distribution of sky cover, of sky-cover calculated using analytic rxpressions given by

Allen and Malick (1983). Values are shown for zenith
d. given a, bandc, calculation ofthe recurrence and angles (0) equal to 0, 30, and 50 deg.

persistence probability of CLOS at a single site and for
simultaneous recurrence and persistence of CLOS at It is important to note that in addition to expected
multiple sites as a function of sky-cover frequency variations with cloud type, Eq. 6 also ignores system-
distribution, time interval and site separation. atic variations of cloud cover with the azimuth of the
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path of sight. For example, clouds tend to form and of 30 min was assumed. As discussed in Hering
persist over nearby hills during the daytime at particu- (1989), the value of to is dependent upon the arrange-
lar ground sites, and clouds may be more prevalent ment, size, development and translation speed of the
over the ocean than land at coastal sites. To the extent individual clouds visible to the ground observer. The
that these effects can be defined, they can and should be sensitivity of the calculations to variations in assumed
factored into the modeling process. relaxation time may be assessed readily by time scale

adjustment in Fig. 2. For example from Eq. 1, a change
in -tc from 30 min to 20 min would change 30 min on

4.0 CLOS RECURRENCE AND PERSIS- the abscissa to 20 min, 15 to 10 and so on.
TENCE PROBABILITY RELATIVE TO FIXED The overall unconditional probability that CLOS-
CATEGORIES OF SKY COVER 30 will be observed with broken sky cover is 65.2

Trial calculations of CLOS recurrence and persis- percent and 18.6 percent with scattered sky-cover. The
tence probability were made assuming continuous joint occurrence frequency at time zero and again after
occurrence of scattered sky cover (1 to 5 tenths), and a sufficiently long time interval, t, when the
also for continuous occurrence of broken sky cover (6 autocorrelation coefficient is negligible (about 4tcc) is
to 9 tenths). An even frequency distribution of cloud given by the square of the initial unconditional prob-
cover in tenths was assumed within each of the two ability or 42.5 percent for broken sky cover and 3.5
broad categories, which is commensurate, in general, percent for scattered sky cover. Application of the
with detailed climatic summaries of sky cover for Markov model simply determines the rate of decrease
individual sites. The determinations based on the from initial to final probability.
broad classes of sky cover were motivated in partby the
fatthclmaics ummaskorermanroutdisarte Again for the fixed categories of broken and scat-fact the climatic summaries for many ground sites are tered sky cover amount, determinations were made of
limited to overcast, broken, scattered and clear cat- terobsk y eaountdeermintios mO
egories. However, the calculations were carried out for the probability that episodes of cninusi CLOS-30the inc1iiu'! subclasses in tenths of sky cover and of duration t would be observed were determined using
then summed and averaged to yield the results for the Eq. 5. The resultant persistence probability estimates
broan smmed- a averaeoield tfor CLOS-30 assuming Tc = 30 min, are shown in Fig.broad sky-cover categonies. 3. Notice, for example, with scattered sky cover the

Using Eqs. 1,3 and 6, determinations were made of occurrence frequency of CLOS-30 with a duration of
the frequency that a cloud obscured line of sight at 10minis6.4percentascomparedwith43.9percent for
zenith angle 30 deg. (CLOS-30) will occur and then a similar 10-min episode with broken sky cover. Equal
will recur after time interval t for the scattered and for estimates of 1 percent are found for a 45-min, CLOS-
the broken sky cover categories. The results are shown 30 episode with scattered sky cover and a 4-hr, CLOS-
in Fig. 2. A nominal cloud element relaxation time, 'c, 30 episode with broken sky cover.

90 80

70 -
Z 70 - BROKEN
W BROKENtoag

0 0.
W 40

- SCATTERED 2

0) S A / E E 
) S c A T Iv E

-1 I I 1 :11-'1-- I I -- -J
I 2 3 5 10 s 31 45 60 9012 240 1 2 3 5 10 15s 7 0458 6o0.o 240

TIME IN MINUTES "IME IN MINUIES

Fig. 2. Model calculations of the joint probability that a Fig. 3. Model calculations of the probability that a cloudy
cloudypathofsightatzenithangle30degwilloccurattime path of sight at zenith angle 30 deg will persist for time
zero and recur after time interval t for broken and scattered interval t for broken and scattered sky cover.
sky cover.

3



5.0 SINGLE SITE CLOS RECURRENCE
AND PERSISTENCE PROBABILITY

Let us direct attention now to estimates of the - -
temporal variability of CLOS-30 at a particular site. <
The first step in the determination of the CFLOS-30 0. ,b

recurrence probability is to calculate the climatic fre- W 30 -Z

quency distribution of sky cover for that portion of the
data base when CLOS-30 is observed at the site and the -
conditional cumulative probability distribution for se- 8
lected time intervals following the CLOS-30 occur- t 10 -
rence. A sample determination using Eq. 3 is given in q I I I
Table 1. In this case the climatic frequency distribution 5 is 3 2 4 6 9 12 1824 48

of sky cover is 20 percent overcast, 20 percent broken, TIME IN MINUTES TIME IN HOURS

30 percent scattered and 30 percent clear. A typical
value of sky cover relaxation time, Ts, formid-latitudes Fig. 4. Probability that a cloudy path of sight will occur and
of 16 hours (Hering, 1989, para. 4.3) was assumed for then recur after time interval t. Model calculations are

the trial calculations. Finally, using the calculated shownfor3climaticfrequencydistributionsofskycover: a.
40% overcast, 20% broken, 30% scattered, 10% clear; b.

conditional frequency distribution of sky cover for 20%overcast,20%broken,30percentscattered,30%clear;
each time step and the joint occurrence frequency of and c. 0% overcast, 20% broken, 30% scattered and 50%
r1LOS-30 as a function of sky cover category and time clear.
interval (Fig. 2), determination is made of the estimated
frequencythatCLOS-30willoccurandthenrecurafter with different climatic frequency distributions of sky
timeintervalt. The results for this case are given in the cover. Fig. 4 serves to emphasize the strong depen-
right hand column of Table 1. Shown for comparison dence of the joint occurrence probability on the cli-
in Fig. 4 are determinations of CLOS-30 joint occur- matic sky cover distribution. Notice also the nearly
rence frequency as a function of time interval for sites exponential decay of CLOS-30 joint occurrence

probability with increasing length of time interval as
given by the model estimates.

Table I. Model calculations of the conditional cumulative
frequency distribution of sk; cover following the occur- A similar stepwise process is followed for the deter-
rence of a cloudy path of sight at zenith angle 30 deg. The mination of the frequency that CLOS-30 will occur and
joint occurrence frequency that CFLOS-30 will occur and then persist forprescribedintervals oftime at a particular
then recur after time interal t is given in the right hand site. In this case, however, we must first calculate the
column. The unconditional climatic frequency distribution
of sky cover for this case is 20 percent overcast, 20 percent persistence probability of the cumulative sky cover
broken, 30 percent scattered and 30 percent clear, distribution, and in turn determine the frequency of

I continuous episodes of CLOS-30 using the persistence
CUMULATIVE FREQUENCY J Joint probability of CFLOS-30 as a function of sky coverovc+ Prob.

TIME__OVERCAST OVC+BKN PKN+SCDCLOS-30 category given in Fig. 3. A discussion of the modelingM Oprocedures as applied to both single and multiple site
MinI determinations of CLOS persistence episode probability
0 0.518 0.856 1.000 0.386 is given by Hering (1989).
5 0.491 0.827 0.981 0.343 i
15 0.479 0.802 0.966 0.315 Henceforth for convenience, we shall refer to an
30 0.476 0.785 0.953 0.293 episode of continuous occurrence of CLOS-30 over
ours 0.470 0.762 0.933 0.274 interval t as "downtime".

2 0.452 0.727 0.906 0.257 1 Model dcterminaion ofdowntimeepisodc frequency
4 0.416 0.674 0.871 0.240 at individual sites with different climatic frequency
6 0.387 0.634 0.845 0.227
9 0.351 0.587 0.816 0.211 distributions of sky cover are given in Table 2. Again

12 0.322 0.551 0.794 0.200 a value of 16 hours was assumed for the sky cover
18 0.282 0.502 0.763 0.183
24 0.256 0.469 0.743 0.172 relaxation time and 30 min for the cloud element
48 0.212 0.415 0.710 _ 0.154 relaxition time. The frequency of scattered (30 per-
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Table 2. Model calculations of the probability that an has significant correlation over rather large separation
episode of continuous cloudy line of sight will occur as a distances, the arrangement of clouds over 2 sites with
function of duration for selected climatic frequency distri- partial sky cover may be expected to be independent
butionsofskycover. Notethat the unconditionalprobabilities over separation distances greater than the typical sky-
of broken and scattered sky cover are 20% and 30%, re-
spectively, for all cases. The frequency of overcast ranges dome diameterof35 mi. This assumption was made in

from 0 to 40%. the modeling procedure. A relaxation distance, d, of
Overcast 0 10 20 30 40 500 mi, (Hering, 1989, para. 5.1) appropriate for middle

Broken 20 20 20 20 20 latitudes was used for the trial calculations.
Scattered 30 30 30 30 30
Clear 50 40 30 20 10

Min 4

0 0.186 0.286 0.386 0.486 0.586

5 0.117 0.208 0.303 0.400 0.500 z •
15 0.076 0.158 0.248 0.341 0.438

" 30 0.046 0.120 0.203 0.292 0.386 Uo
cc

U Li.
UJ bHours 0

0.021 0.082 0.156 0.237 0.326 Z
E 2 0.006 0.051 0.113 0.184 0.265 c .

4 0.001 0.030 0.076 0.134 0.204 n
6 0.000 0.020 0.056 0.106 0.167 U 10-
9 0.000 0.012 0.038 0.076 0.127 8

12 0.000 0.008 0.026 0.056 0.099 _ c
18 0.000 0.003 0.013 0.032 0.061 0 ,-

24 0.000 0.002 0.007 0.018 0.039 0
48 0.000 0.000 0.001 0.002 0.007 o 200 300 50 600 1500 3000

________ __________________________400 600 1000 2000
DISTANCE IN MILES

cent) and broken (20 percent) was held constant at all Fig, 5. Model calculations of the probability of joint
sites. The overcast/clear ratio ranges from 0/50 to 40/ occurrence of CLOS-30 at 2 sites as a function of site
10 in the assumed sky cover frequency distributions at separation distance. The climatic frequency of broken
the individual sites for the trial calculations of down- (30%) and scattered (30%) sky cover are the same for curves

a, b and c. The overcast/clear ratios are 40/10,20/30 and 0/time frequency. As expected, Table 2 shows that the 50 for a, b and c, respectively.

climatic frequency of overcast relative to the frequency

of clear sky conditions exercises predominant control
overthe downtime probability, particularly the episodes Shown in Fig. 5 are the model determinations of the
oflongduration. Thus, the accuracy of model estimates probability of the joint occurrence of CLOS-30 at 2
of downtime occurrence probability are critically de- sites as a function of site separation distance for a range
pendent upon good definition of the climatic frequency of climatic frequency distributions of sky cover. The
dist ibution of sky cover for the place, time of year and sky-covercumulative frequency distributions vary from
time of day of interest. set to set but were assumed to be the same for the 2

6.0 MULTIPLE SITE OF CLOS RECUR- stations in each set.

RENCE AND PERSISTENCE PROBABILITY Notice, for example, in Fig. 5, that for case b where
the climatic frequency of overcast is 20 percent theLet us define "downtime" for multisite calculations jonocurcefqecyfCL -3is2pret

as the continuous occurrence of CLOS-30 at all sites joint occurrence frequency of CLOS-30 is 26 percent
as te cntinousoccurene o CLO-30at al stes at 50 mi and decreases rather slowly to 16 percent for

for specified intervals of time t. The modeling pro- at d0 mi Agan terests

cedures used for the multisite downtime probability a separation distance of 1000 mi. Again the results

determinations are described in Hering (1989). First quency on the joint CLOS-30 occurrence probability.

the joint occurrence frequency of sky cover at the sites

is determined using Eqs. 2 and 3. Then the persistence The relative sensitivity of the occurrence and dura-
probability of the joint sky cover distribution is calcu- tion of downtime for a multisite network to the number
lated using Eq. 5. Finally, the multisite downtime is of sites in the network, the site separation distance, and
determined using the caicul ated occurrence and persis- the climatic frequency of sky cover is explored in the
tence probability of CFLOS-30 as a function of sky final comparative series of model determinations. In
covercategory given in Fig. 3. Although the sky cover all cases the input values for cloud-cover and cloud-
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clement relaxation time are 16 hours and 30 min, 5
respectively (see para. 4.0 and 5.0 above). The climatic
frequency of broken sky cover is 20 percent and scat- Z 4o
tered sky cover is 30 percent.

The first of 3 comparative calculations, shown in S0

Fig. 6, depicts the probability of the continuous joint a:
CL

occurrence of CLOS-30 at 2 sites with a separation W 2-Sit "
distance 100 mi as a function of duration interval for 2
sky cover frequency distributions (overcast/clear ra- 10 3-Sites
tis of40/10 and 20/30). We see thatthe large disparity
in downtime frequency due to sky cover distribution 0 U
extends to very long duration episodes. 5 15 3D 1 2 46912 1824 48

MINUTES I HOURS

DURATION
50

Fig. 7. Comparison of downtime frequency as a function of
duration for 1-, 2-, and 3- site networks. The climatic

4 - frequency of sky cover is 20% overcast, 20% broken, 30%
scattered and 30% clear. The site separation distance is 100

= 30 mi.

5 15 31 2 4 6 912 1824 48 o
MINUTE HOURSM

DURATION W Z -
100 mi

Fig. 6. Comparison of downtime frequency as a function of Soo M
duration for particular climatic frequency distributions of - -
sky cover. For curve a the overcast/clear ratio is 40/10 and
for curve b the overcast/clear ratio is 20/30. The climatic 0 45 15 30 1 2 4 6 9 12 1824 48
frequency of broken and scattered sky cover is 20% and MINUTES HOURS
30%, respectively, for both a and b. The 2-site separation DURATION
distance is 100 mi. in both cases.

Fig. 8. Comparison of downtime frequency for 2-sites as a
Fig. 7 compares downtime frequency for a single function of duration for site separation distances of 100 and

500 mi. The climatic frequency distribution of sky cover issite and combinations of 2 and 3 sites. The overcast/ the same as for Fig. 7.

clear ratio is 20/30 and the site separation distance is

100 mi for this set of model calculations. The results
show, for example, that a downtime episode of 30-min 7.0 PRESENT STATUS AND SUMMARY
duration has an indicated probability of 29 percent for Modeling procedures for estimating the climatic
a single site as compared to 10 percent and 6 percent for probability of episodes of cloud obscured lines of sight
combinations of 2 and 3-sites, respectively, with the have notbeen testedextensively, including some of the
same climatic sky cover distribution. procedures usedin this study. Verification using actual

Finally in Fig. 8, the effect of site separation distance data is presently underway. A broad experimental field
on downtime probability is shown for a pair of sites program of minute by minute measurements of sky
with an overcast/clear ratio of 20/30. The change in cover is being carried out by the Marine Physical
downtime probability is illustrated for a factor of 5 Laboratory, UCSD. The data base generated by the
increase in site separation distance from 100 mi to 500 Whole Sky Imagery (WSI) network will enable valida-
mi. tion of the many factors involved in the CLOS model-
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ing process. The trial calculations made in this study follows thatthe variability in CLOS frequency that can
provide a first approximation of CLOS behavior rela- occur in a given month from one year to the next are
tive to the climatic frequency distribution of sky cover. determined primarily by associated variations in the
However, certain aspectv of the modeling process observedfrcquencyofskycover. Totheextentthatthe
remained to be analyzed and refined on the basis of extremesinskycoverdistribution for agivcnnonthol
more extensive CLOS data. the year can be determined from existing site records,

the expected extremes in CLOS episode frequency can
The relationsthips between CLOS frequency and the be estimated by model calculations.

zenith angle of the path of sight will be examined in
detail using the new WSI data base. Important re- 8.0 ACKNOWLEDGEMENTS
finements include the definition of CLOS dependence As emphasized in Hering (1989), the stochastic
on zenith angle as a function of cloud type. In addition, model used in this study represents in part an extension
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