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Persistence, Runs, and Recurrence of Visibility

I - INTR ot)l;cTION

Duration,  persistence . c.uns . and recur r en t -c are .slI  interrelated. l o r  th i s

study . they have been defined as fol lows:  J u r at  io n — continuous successes; per-

sistence— consecutive successes separated by 1 hour; runs  — t-onsecut t v  e successes

separated by intervals of I hour beginning and ending w ith  a t e i l u r c ;  . i n I  re currenc e ’—

successes occurring at t ime  t and al so at t ime t+a hours
This study is pa rt of a more comprehensive investi ga t ion conducted to obtain a

better understanding of persistence , runs , a nd r e cur renc e - of weath er  events. I h i r a —

tion could not be studied because the data were obser~ ed ~et hourl y intervals.  Of
ma t) r interest are those weather events w h i c h  are cisi t i l l  recor~I e ’d in categories .
for example; precipitation recorded as none, light . moder ate , or h e .evv; or sky
cover recorded as clear, scattered, broken, or t ,\V e. r . e s t  Persistence , runs , and
recurrence of precipitation and sky cover are described in papers b\V Lund and

Granthani .
This report includes tables of obst ’rv ed relative frequencies of four v i s ib i l i ty

categories end models for estimating probabilities of each category . The’ mt ’Jels

I Received for publication 31 January 1918)
I. L und , 1. -‘i.  • and Grantham , I ) . 1) . ( 197 7a 1 Persistence, runs,  an d recurrence • V

of precipitation . J. A ppl. Meteo r. ~~ ;346-358.
2. Lund . I. :\. , and Grantham. U. 0. (19770) Persistence. Runs, and Recurrenc e

of Sky Cover, ERP No. 621 , AFGL-TR-77-030B.

9

~

V .Vl

~

V
.
.
J. .V ,i VV.U ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~ V~~~~~• ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ V ~~~ 

V~V Vj ~



--- V . 
_ _ _ _ _ _ _ _ _  • .• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

•

pro v id e  at is~~ e’rs to such questions as: What is the prob ability of observing a
sequence of more than 5 ts urs of v i s t b t l it i t ’~ less than or equal to 3 ntcle~ t I  Ed ) ;

of observing a run of exact l y 5 hours of 1 E3; and of observing I - E3 at t im e  I end

also at t ime t+5 hours ? The models require a knowledge of the tm coiit ic t ioua i
probability of the event , in th i s  case a i s i h i l i t y  categor~~. ant i a t i c t - a s t e r e ’ of the

temporal correlation between oi- cu r r e ’ieces of v i s ib i lity cat eg or ie s.

2 LI AT A

Records of hourly v i s i b i l i t v  observ a t ions  t a k en  in winter I l )t ’ceniber , J a n u a r y
I V e~h rua r v  1 and summer  (June , Ju1~- . A ug u s t)  during  the 13 — y e a r  period 1 ~)5 1 throug h

I 963 . at t t i t - following nine stations , 
V
Sti0

~~~~
fl en F ig u r e  1, were  s t u d i e d :

I G~ I a ( ; i ea rd ea  Airpo rt . N e~i \ ork.  N ‘I
JFK Kcnned~’ I n t er n a t i on a l  d i rpo r t . N e w  ‘t o  rk . N \
K W H  N e w a r k  Airpor t .  NJ

I~1 11 V Ph ilad elph ia lute r ica t i t t i ca  I Airport .  I ‘A

U A I - Baltimore — Washington lut e i -na t i on a l  Airpo rt • MI

I )t -\ N at  i~’ii cl :~ i rp ort .  shcngton . 1 ~t ’

•- ‘ t L ) \~ Andre -ws  ~ H, M I )

liLt ’ By rd I” ichl . Richmond , ‘t A
H Ifl V Rale igh— I ~te i-ha in A ci’po rt . N t

- a.

PHL~ ;;~
I

r- -:- ‘
~
.
~~~
‘
~-~ 

Figu re  1. Locat ion of the ’ N i n e ’
V I ~~~~,AD i~~

IVere St udied

mc

“ 
—

- - 
*00

N. CANOLINA
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I
Each hour , app ro.i  ~cia t e-ly on the hour , a a ea t tee -c  o ti st  ry e  r at c i t  I i  of the a hot ~ 

V

stations w ent outdoors to make a regular hour ly observation. t t l e  t ’f the a e’at i i r i

elements recorded is v i s i b i l i t y .  Vl•he Fede r al  \ le te -o ro logi t -a l  lat isi t itcok ic -st  r ebes

hott the observations arc tj k e ’ii. VFhC four  ‘. s hiht ’. categories st u s i i t ’ si i F c ~ $ tR ’\% U

in Table 1. The abbrev iat ion s  I .I - and l~ l- stand for ‘‘ less than or e q ua l  to ci i i

“greater than or equal h’ , rt ’spec t ive l~ - I V I1C t a o  ends of the f requency  ~I i s t  r u m

tion were studied s ep a r et c l ~ to de termine  whether temporal t-o e -t - cI . i t  iou is a huR t R i te

of v i s i t t i l i t v  - 
V

i~ k t m l c  I .  \ i s i b i l i t ~ ~ 
V

e t e . g t l r i t .s

‘i. e s i h e I i t ~ l u n c h - s t

~; l :  (0. 0

2 t 1 -  5. 0

3 1 I I  3. 0

4 I l 0. 25 c\ \  i f l t e ’r)
1 .1  1. 0 tS i i1 I~ : e I t

3 . I) ~it ~~ PKO(~~SSI M;

Each hourly v u s i h i l i t . ~‘hscr ~ at uon a is t - c t t -goci :t -d u s  to l lon  5: ~ 1~ tO m i t t s ;

G I 5 miles; LE 3 miles ;  I F  I mile t i n  s ummer ) , or 1.1 0. 25 n ult’ t in  a i u u t i r ) . S~~itie -

of the s tat ions had no mi s s ing  observat ions , other s  only. a t t -~ fe ’a - ( l i t -sc fea

oh s, -rv  at iono w er e  filled in by es t imat ing the v i~~ tt ’i  I i t ~ f ront  ot ’sc ct it t ’u is  t ukc - u e at

t t t ’ c  rh~ s ta t ions  .ct i t i  observations taken tme to t ’ e- a n t  a f ter  the n~u s s u u t g  ~mh se -r t  cl L o u i S .

the re were 2S , 080 t24 obser~ at ions i c ~ 1 \ (90 ~Ia~ 5 / sea son) \ 13 s t a s c i t is  I

~mb s , - r v  a tions . in win t e r , end 28 , 704 24 o b s c i-vat i o u t s  / d c v t  \ t 92  ~ia~ 5 I s~- c s oui 1 \

t 1 3  seasons)~ o bs e rv V et ions , in summer. processed for  t a c I t  s tat  ion.

-I. pE sISTF’~’ICF

$ 1  t*.ened

The occurrence ot a given V i s i b i l i t y  c u t  egt sr~ a u s t e u l o t c i  V i S  1 scucc t - ss , 5, a u t i

non— occurrence as a f e  t h e  re , i- . Fl i t ’ relat i’m e f r e q u e n cy  if Oft ’ s u e  ecs s • H I - tS 1
1,

u s found from the data 1w liv l Ung the number of I l ut e s  the  i s i b u t i t  t V a t  u -g o r \

3 . F .  S. t)epa rt nie’nt of & ‘ m l t t  neerce ( 1 9  51 I- ~de r.c I \ let  coro~~~~ica I I I c i id t ’~’~’k No. I
Surface Observati ons.  U ~ ( kiv e l.iiflT;

V
~~~~_ r V i :Vt u ttu u t~~ ~~rrit - t - , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

309 pp.
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occurred . n(S1). by the sample size N. The relative frequency of two successes
in a row, RF(S2). is found from the data by dividing the number of times a success
was followed by a success. n(S2). by the sample size N minus the end effect, in
this case 13. because there were 13 years when the next season ’s data were not
used to determine the visibility on the first hour of the next season. The relative
frequency of x successes in a row RF(SX ). is found by dividing the number of tiTclc S

x consecutive successes was observed. n(S
~

). by the sample size, N, minus the 
V

end effects, in this case 13(x- 1).

n(S ) n(S )
F ( S ) —  X — X (1) HR x - N- 13(x-l) W

This processing of the data was done for all categories for all nine stations in both
winter and summer. V

The relative frequency of a success given that x consecutive successes have
occurred, RF(S~ ~~~ 

is equal to the relative frequency of x+l consecutive successes.
RF(SX+i

) divided by the relative frequency of x consecutive successes. RF(S
~

).
that is,

RF(S~~~ ) V

RF( SlS~
) RF(SX

) . (2)

The condit ional relat ive frequencies RF(S’S ) were computed for periods up to
72 hours. Selected talues for the first 18 hours are shown for all nine stations and
all four visibility categories in Tables 2, 3, 4, and 5. The median relat ive fre-
quencies are indicated with asterisks.

The first column in each of the tables gives RF(S JS0
) which is defined as RF(S).

the unconditional relative frequency of the given visibility category. Although bot h
the unconditional and conditional relative frequencies vary from station to station,
there is often no consistent pattern to the variations. It was subjectively decided
to assume that the data from all stations were drawn from the same sample and to
use the median values to obtain estimates of the conditional probabilities. P(S I Si),
required for obtaining estimates of probabilities of x+l consecutive successes,

12
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The median values of RF(S
~

SX
) for winter and summer are shown in Figure 2

for periods up to 18 hours. The median relative frequency. HF(S) . of the most
frequent ly occurring category . GE 5 mites was 0.7917 in winter and 0. 8634 in
summer.  Because this is a frequently occurring category there were mary  long
sequences of successes. The median conditional relative frequencies for GE 5.
given in TabLe 6 and shown as x ’s in Figure 2 , increase in magnitude for 13 hours

-. ~~~. In winter and 15 hours in summer.  They never vary significantly, that is . by more ~~..

than 0. 001 for the next few hours after hour 15, therefore the estimated conditional

t probabilities are regarded as constant aft sr hour 15. The conditional relative
frequencies of the less frequently occurring categories are more variable as ex-
pected but they never depart from the hour- 15 conditional relative frequencies by
more than 0.023.

- 
. f rom the data sample , are given in Tables . 7 , 8~ 9 , and 10~ All of the relative

Sample relative frequencies of x consecutive successes , RF(S x
)
~ 

obtained

frequencies for hours 1 through 70 are shown in Figures 3, 4 , 5. and 6.
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- Figure 2 . RelatIve Frequencies
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V of Success , Given x h ours of
I • V Consecutive Successes h ave Occurred .

~~ .5 - V ~~
V in  Winter (a) and Summer (b) . The

V curves were subjectively drawn. V
V The dashed portions of the curves are

4 •4~ based on fewer than 30 cases
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1.2 MUdeI~~
The probabi lity - ‘ f  a sequence of x hours of successes is sometimes estimated V

with the fol lowing first order Markov chain: 
*

I’(S ) ~ ( ‘i S) 
~
‘ L 

) j ~ 
1 (3)

where P(S 1 5 1
) is the probability of a success g iven  a success has occurred and

x equals the number of hours . V V .  
-

The relative frequencies HF (S) and Rl ~’(S t S 1
) . obtained fro m the data, are g iven

in the first two columns in Tables 2 to 5. The estimated conditional probabilities . V V

V l3~S S 1
), shown in Table 6. were used to teat Eq. (3) . The model fit the observed

values , within a few percent , for the first few hours but there were Large dtffer-
ences between the model estimates and corresponding sample relative frequencies
when probabilities of sequences of successes longer than a few hours were esti- V

mated, Figures 3 to 6 i lLustrate  differenees between model estimates and observed - -

relative frequencies when the nine station median relative frequencies are used to V

represent the sample values . These figures ILlustrate the fa i lure  of Eq. (3) to

adequately estimate Long sequences of successes . For example , note the large
departures of the first order Markov modeL estimates , labe lled (3) , from the sartip Le

relative frequencies of visibiLity L . l ~ 3 miles  shown in Figure 5 .
To Improve the model given in Eq. ~3) the fol l owing  ax iomat ic  expr ess ions  can V

be estimated 2 ~Ind x hours of consecut lvt’ successes, I ’espe4--t t v  ct~

P’iS ,)’- P(S)P(S~S1
) (4)

(O 15 ) F(S) P(S~ S ). ..  l’(S~~S 1 x 3  (5)
x I x - 1

where 
~~~~~~~ 

is the probabiLity of a success given that  a success ot’currc l the

previous hour , a nd P(S S is th e  probabiLit y of a sui - i-t’ss fo l lowin g t x — I )  hours

of unbroken suci -e’sses . -
The probabilities required for the scsi l it ton of L I t .  4 5 )  4 -v el -e t ’ St i i n  a l t ’ I  f rom I

relative frequencies and it was assumeil that the  - o n l i t  iona i  pt ’ohahilities we ci’ -

alway s constant beyond 15 hours. To est imate m int probabilities ) V V
4 - ( ,  (

1*) was V

expressed as follows:

* P(S) ( ‘(S 
— 

x~ 2

I~”(S ) - 1~’(S) 1 (5  
~~

5 5
~~~ l

1 3~~~~~~~
4- 15

p(S ) ~~~~~~~~~ ‘
~~~~ l4~ 

~~~~~~ x-15 x 16
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Curves were drawn for the points in Figure 2 and estimates of I~(S~~S )  for use
in Eq. (6) were obtained from the curves . These values are given In Table 6 in the
rows LabelLed 1~

(S l S
~

). With  the exception of the  low vis ibi l i ty  category , the con-
dit ional relat ive frequencies increase f a i r l y  steadily but at a slower rate as x
approaches 15 ho ur s. V~~~5 stated earl ier , the conditional relative frequencies remain
a lmost constant af ter  iS hour s. Because the Low v i s ib i l i ty  category occurs less than - 

-

2~ - of the t ime, the shape  of the  cu rves  is uncertain. The curves are dashed
whe re r -1 . i t ive  f re .qut’ncte -s - C r c  ba~ e- ol on less than 30 cases to emphasize the ‘V

uflcertaLnty .
Sol utions to Eq. (6) , are shown by the curves in Figures 3 to 6. They are in

better agreement w i t h  the re la t i v i -  frequencies than curves based on Eq. (3) . This 
V

must be t he case , because the probability estimates for Eq. (6) are based more
closely on the  relat ive frequencies . Modeling is involved in the smoothing of the
relat ive h -equ t -nc i s s and in the assumption that  L’(S S i  is constant beyond 15 bout-s -

(~ringorten 4 S im U l a t t - VI p robabi l i ty  distr ibutions by a M ont e Ca r lo ex er cise and

prepared chart s for use in es t imat ing  the durat ion of weather events . These charts
we re used to es t imate  conditional probabilities of the four categories of vis ib i l i ty .  V

Hou r-to-hour correlation for t h i s  application of (~ringorten s method was assumed

to be 0. 950 In winter  and 0. 032 in sum mer . TabLe 6 shows that the conditional
probabil i t y estimates obtained by ~ ringorten s method are u s u a l ly  lower than those

obtained from the data. This is consistent wi th  expectations hecaus - they i- c-p r esen t

duration probabilities , not persistence probabil i t ies . One shortcoming of the ’  method

is that it is grap hicaL. It is  d i f f i - - u l t  li’ i- st i m ~~’ t tu -  p robabi l i t ie s  fro m the ch art o’ .

~\ promising analytical  method described in th e  I i- i- it 1st- b~ i’~ei lsoi i  and H oss~ needs

further development before it ~
- .mn he appl le t i  t o  t h i s  pt-ohte ’n V~~ In  the .tbse~n o t ~ of

condi t ionaL relative f requencies  ot-t t a i ne~I l i -on I Vi r g c  ~la t  a s an  9 1 5  I. r i  n g o  i -t e n  V~~

V method can pi-ovide su i tab le  est u n  ate ’ s ~‘t I hi - prohahi l  ‘! i t -s requi  red or t h e  so tn t  ion

of Eq. (6 ) . Because a t a t - ge  samp le of dat a  %i a S  .I\ V . C 1 I a b I t ~ for  t h i s  s t u t v  • a smooth

subject ive  fi t  to the  rela t iv e f r e q u e n c i es  ee as usc i to i -st  m a l t - the i-t ’qui red  proha —

bi l i t les .
Table I I  s u m m 4 ir i t c s  sonic  of the  in f o r i i i a t i o t i  o ’ht ain ah lt — t t - t n n  ( V O L  t 6) and the  - 

V

the data shown in V igu i .i - s  3 to 6. It  l iou s the nunihe ’r of hours , x , t h a t  i- a t -h  of

the ~ot i  r v i  sih i  ~ V cat egur ies  ~ as estini  ated , a!i~i obse rv t’d , to persist  • at s ix  V

~r o i h a h i l j t y  levels  based on 1’(S 1 and l~ l-~ 45 ) , 1-e spect  iv t ’l V . 1-or t -x a n i  plc , l ine
of Table I I  shows t h a t  ( l -  10 mi l e s  v i s i b i l i ty  ?laa .1 e- l i t i i a t  i t  occurr ence  pt-ob abilitv

4. ( r i  tig ’rtt ’ n , I . I . 11966) -\ stochas t i c  model of the frequent -v , t i i l o liii ~ i t i o t i  of
te ~- .oh,-,- e v , - nt s . .1. A ppI. Meteor, ~~:606-624 . V

5 . I’~eilson , .1. • ano i  I~oss , II .  1-’, (1975 )  l’assage  T i m e  1) 1st r i hut  ions for ;a u s si V Cn

Markov (Ornstein—t’hlenheck) Stat is t ical  l’ rot -esses . Selected Tables in
~dath emat i caL  Statist ics VoL. L I I .  Am e r i c a n  M athemat i ca l  Society ,
Providence, Rhode Island , pp.233-327
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of 0. 5397 , in winter , and that 50% of the time GE 10 would be expected to be ob-

served for at least 2 hours. A pproximatel y 25% of the time GE 10 Is expected
to be observed for at least 17 hours. GE 10 is expected to persist for 37 . 52, ‘

~ 72 ,
and ~ 72 hours: 10% . 5%. 1%. and 0. 1% of the time , respectively, as ~-an be seen
from the solid curve based on Eq. (6) shown in Figure 3. The corresponding
observed values are shown in parentheses in the table.

The vaLues given in Tables 11 and 12 are for eastcoast stations. They apply
elsewhere onl y to the extent that the probability of the event and the hour-to-hour
correlation is the same.

Table 12 sun-imarlzes some of the information obtainable from the following
equation ,

P(S
F(S~ l~ = F(S) ‘ (7)

This equation is used to estimate the conditional probability of observing a sequence
of x hours of a weather category. it can be used to answer questions such as:

given that the visibility is GE 10 miles , how many hours wil l  it be before there is
a 50% probability that the sequence of GE 10 visibilit ies v,V il l  be broken. The un-
conditional probability F(S) is assumed to be known and P(S

~~
!S) must equal 0, 50,

V Substituting, for example , the winter  unconditional prob ability of observing GE 10
miles. 0. 5397 , into Eq. (7 ). it becomes V

F(S
~~ ~

) (0. 50) (0. 5397 ) 0. 2699 - (7a)

Solutions to Eq. (6)  for P(S~~ I t for GE 10 are shown in Figure 3. It can be seen
that P(Sx+ ~

) = 0. 2699 when x+ I 15 hours , therefore , GE 10 is expected to per-
sist for more than 14 hours about 50% of the t ime. The dots in Figure 3 show
values of RF(S x

)
~ for winter ,  it can be seen that RF(SX

) z 0.2699 when x= 15 hours.
At this point the model and the data are in good agreement.

Table 12 shows that from Eq. (7), when GE 10 is observed in winter, It is V

expected to persist 14, 29, 49 , 65 , V
, 72 . and V

~~72 hours : 50%. 25~~o . 10%, 5%, 1%,
and 0, 1% of the time, respectively, Corresponding observed values are shown in
parentheses.

The following equation can be used to estimate how long a sequence of successes
is expected to persist, given that the sequence has (ust begun

P(FS I
P(S l l V S I  X4I (~ )x P (FS )

The I - preceding the  S denotes a f a ilu r e  to llowed by a success .
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1

EquatIon (8) a lways yields smaller  values than Eq. (7) , unless the process is
first -order Markov In which ease the values are Identical . A table of values based
ot~ solutions to Eq. (8) was not prepared , but sufficient Information is Included in

V 

this report to prepare such a table,

& RUNS 

V 

V

5,1 Ob~ervNl

Another  way of examining persistence Is to (‘onslder the number of runs of V

exactly x hours In length , that Is , n( FS 1I”), n(FS 2 F), . - ,  n(FS~ K) , The relative
frequency of runs is given by the expression:

n(FS F) n(FS F)
R F (F’S F) X a> X 

( I ) )‘x N- L~(x-1) N -

where n(FS F) is the observed number of runs of exactLy x hours in lengt h and N

Is the total number of hours in the data sample.
The observed .iumber of runs , based on 28 , 080 hours of winter observations ,

and 28 . 704 hours of summer  observations , at each of the nine stations is given , for
selected hours , in tables  13 to 16, The median values are indicate’d with asterisks ,
Although the frequencies are based on more than 28 , 000 observations at each sta-
tion and season , there are large sampling variations . Some examples  found iii

V Table 13 , in winter, 1 c - : I (l :\  had only 48 i-uns of 3 1>otii -s of G l-~ 10 while- the

L nearby station J l-K had 80; l’llL had only 2 runs  of 24 hours  but 5 runs  of 30 hours;
V and Rl(’ had 17 runs of 5 hours but 32 r u n >  of 6 hours .

To model the runs It Is assumed that one good model can est imate runs at any
V j of the nine stations , at least as well as a 13-year data sample .

A model was considered that is ve ry  s imi lar  to I -q  (6) . This model requires
estimates of the conditional probabilities . I’1(St FSx

)
~ Relativ e frequencies of success

given a failure and x hours of successes were determined from the data with  the
1 - following expression:

1 
V n(F S ~)

V - RF(S ’ FS ) • (10)
- x n(FS

~~
)

These relative frequencies , a selection of which are given In Tables 17 to 20 . were
V - used to obtain the required conditional probabilities .

27

-~ , V V ~~~~~~~ ~~~~ 
-

~~ ~~~~~~~~ -____________



V VV

4’ -,
V V

W — — — — ‘ — N — ‘‘ — “ — — C’] VV -

_______________ _______________ —
C I. — —

* **  * **CS ‘) CO N C ’] C’) N N C’) C’) C’) CO C’] ‘S’ in — C’) — C’) C’) ’5’ C’) CO V

(S~~Cl) * * * V
(5 ( 5  — (1) 0) U) CO C’] CO CO’5 ’  U) CO ‘ 5 C O  ‘ ‘ O  in N C) CO N It) CO

4> 
* * *C’) to CO C’] CO N CO It) CO N 0 to ‘ “S‘ C’) C’- CO C) U) CO CO C’S -V ‘ C’] — — —

4>
V a > C J  * *V 5 CO C ’) CO ‘*0 C’) C’> CO 0) ‘5’ ~~~~ a>) 0) 0) ~‘) (0 C) U) 0 N U) N- 

Cl) — ~~‘ - ~~~~~~~— ‘‘.~~~* C’S — — — — CS C’> N N C”> C”> —

V - I ~~~ 
* * *  H-

- (S I. *‘ C’> ‘.4’C) 00 )  to to C’) C’] C) ON to 0 CO 03 ’S’ CO C’] CO N CO CO (4’ 4> Ct — C’) C’] N C’] — — — N — C’) — — C’> C’] N C’S C’-) C’) C’) C’) C’-) C’]

~~
-c - V

4> V V

0 * * V
c U ~ to C’) CO in N N to N C”> CO to — — CO CO N C’) C’) CO C’) 0 N N

V -— C’) C’) ‘*‘* N C’) C’) C’) N C’) C’) in C’) ‘5’ ‘ *in  U) ‘5’ ~~‘*  ‘*It)
V C S _ _

V o~~ * * * *in C O N C ’] O N . IO N t o  N C O  NCO C’) ’-’ C ’ ) O i n NN  N”
- V C’) C’) ‘ *i n  C’) CO ’S’ — N C’) C’) It) It) CO C’- in to it) ‘* it) i nto  

-

~ , CS 
V

CS 
~

, ‘ *N CO — ‘ N ‘* CO 5 ’V.5 U) 0) — C) in N C) C’) CD ’S’4> U) to It) to ‘5’’* C’) N C’) ‘5’ —l’ CO CO CO CO N CO to IC) to CD N

* *CO 0 C’) 0 N C’] CO N — N’S’ CO C) U) — N’S’ “ -‘ —V 
‘I’ CO N U) COin It) C’) in in in N CO 0 0  C) CO CO CO N CO C)

V 4> S’O “> 0) C’) ‘5’ to CO CO CO 0 C) CO It) CO C O ’ *  C’- CO inC’] 0) — ’ C ) C O N C ON U) to N N  ‘ C O C O C’ ) N C )C )CO —’ .-‘- I t — — — - 4 —  -4 -‘ —I-,
4- 4) _—

* *C O C O’ * C O i n’ ’ O N N  ‘ C O  N C O W N O ’ * OC’) N N C)
- ‘‘ — CO C’) -‘ C) 0 0 to CO 0 0 N C’) 0 0 C’) ‘5’ It) CO in in It)C 

Z ~~~ ‘‘  ‘ . $  — C’] C’] N — ‘ *

— —  _____________ _____________

— —
C

~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~

r,~ ~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~

V ‘••~~~
••‘

~~~~V 4> >,,
CI)~~~~ U)

28

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - 

• V~~~~~~~~ V

L V .  — ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

i-V ti.4



_____________ V 

V•V~ 
V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ 
V ‘

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~-V -V~ -V~ ~ -V~ V- V ~~~~~~~~~~~ _ ‘.•V ~~~~~~~~~ V— V

* * *
4> -* C’) CO C) to C’) C) C’] C) (0 i . C  It) C) C’] CO N — V

L ) “ ,., 0 ‘5’ .4 I0 ) — ’  to — C’- N ‘ ‘*~~~ C) It) C’-
4” CO ~ N N N C’> C’> C’) C’> C’) CO — N C’] “ C’) C’] C’) CO C’]

l~~-~ 
-

~~~
V ‘e ’’ __________________ __________________—

t~~I.S * * *  *4> to ‘~~ C O N  CO in N ’S’ C’) N I]’ in in N CO — .‘>. V’S~ C~)  C’S ’S’ ‘S’ to V
CO —I

* **(4 ~ 0 to C’- N ‘5’ C O N  U) ‘-‘ 0 to CO U) C’) in It) C’-] — — 5’’* ‘S’ N
CO 0 

V 

V0
‘5’ V

4-

‘5’ t o Q~% c O N ’ *~ ) ’* ”  i nN  N~~~~U )’*C)~~~~0 (0 0 3
V C • c’~> — ‘-‘ -4 — 4)

‘ C S  4-’

V C
4 > 7  —‘ ‘-I

CS * *1. (> I-, CO C’S ’S’ ‘ *C O  N C’> to 00) 0) 03 in N CO CO CO CO CO C) C’] C’-> 0)
4> 5 — — — — — CS — CO CO — — N — C’] C’]

0 4)
4’

-V E.C * * (4
I. N ‘ *0)  C’S ’S’ COO CO .‘> CO — C) N N CO CO It) CO CO C’) CO CS C’> I.

— — — C’-) .-, — — - C’-> N C’] C’S “> C’] N — bIt
4) 0

4 ) - —  1’
-~~~~~ 0.

C O  * * * 14
to N C O U ) O C O I O O C O C ’ >  0 ’ ’ .— ‘ C O O C ’ ) C O ’ 5 ’C O C O O  ‘ *C O  4)

‘- N C’] C’) C’> N ‘ C’] — — C’] — CO S’ CO CO C’] N “> “ -‘ N C”> ~
0~

“4’  * * 
0

It) 0 t o’ *NO inCO CO i n C’]  CO C O N C O U )N I t )’* CO NC’ - C)
5’.’ C O C O C O C O C S ” N  C O N  C O N’ * ’ *NC ’ ] ’ ’N” >  NC’ >

C a  4’
4,

* * * a
‘5’ CO O C S N’ *C ’ ]~~ ’ C O ’ *  ‘*0) O C O C O N 0 C 4 - ] ’ * C O C )  C O C O  S

p4 4) ‘ * ‘ * ‘ * C O C O N C’ 3N C O N  ‘ * C O U ) ’ * C O C O N C O’ C’) CO CS
— C.)

* * C
C’) to It) It) CO — C’> N CO C’> ‘-‘ 0 — N 0) N * C’) 0) in N C’) CO

U)’ *I t )C O ’ * C O C O C ’ >N ‘ * ‘ *  N C O U )N C O ’ * N C O N  ‘ * ‘ *

* * 4>
C’> It) 0 N CO It) CS it) C- CO it) It) 0) 03 C’S CO 0 ’4  in C’] N -4 - CO

I. 
C) 0) C) I’- CD ‘5’ in N’S’ CO to 0) 0> CO ‘-‘ in C’— C’) -* in N It) ,~~

* *C ‘ 0 to 0) 0 ‘.-4 C0 to ~~‘ U) — C’- N S ’C O  0 to C’- 0 N ’S’ 4) ‘
S - — ( 0N ’ * ’ *N N” 4It) N CO CO I t )N N N C D i nN  N C O  C) V

Z 0’ ‘‘ ‘‘ “ — ‘ ‘  ‘ ‘‘ ‘> ‘ ‘  — S V

— —  _____________ _____________ 4)

4)’,  V

‘
~~~

4) 4) — —

m a C ~~~lZ-, C

~~~~~~~~~~~~~~~~~

U) ~~~~~~~ ~~ C ‘~~ V

C I . 4-’.C

*
Cl) *

29

V -~~~~ ~~ V~~~~~~~~~~~~~~~~~~~~~iV ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~ V - 
- - ‘  A A



- V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V~

ONIfl I t ) - ’ 0 ) t o N Q  to 0 U ) N C S C Ot o O 3
t o I t) co r— C-- CO i t) t o ’ *  It) CO ’* C O i n* ’ *U )N  V

‘V ’ ______________________ ______________________

C 4 )

4> 14 
**  *C’) “ t’3t’10C’) O —’ 0 “ 0 0 0 0 0 0 0 0 0  00

OO C’) N ” ” ’ > O O O  ON ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 00

* * **4’ ‘5’ C ’) C’] CO CS C ’) IC) ON N CS’S’  -“-“ -‘ O O -- -’ 0 0 0  0’-’
CS

CS
‘V a
4> 4) 

—‘
a * * *I, ~ 1. CO C’] to C) 00 3 0)  CO ‘5’ C’) CO N N in ’  C’) ‘-‘~~~~‘-‘ 0 N * C’]

4 ) 5  5 —— —0

*C’] N CO 03 0 30  CO V5O _
~~0) — C’) 0 N C’] 0 CO in to — C) N

Ct 4) 
-4 -4 -4 — * _I ~~I — ,4 ‘> — *

4)
4 > ’—  

-
~

V C O  **  *-— to i n ( 0 U ) t — C O C O C O C )u) N’S’ S 0C ) ’ * ’ *N NO t )CD inC
a C O C O V ’ 1~~N C O C~) ’ *N C S  N C’) ‘ *C O i n N NC O N C’ )’ N C’)

5 —

* * V

— ~~ 
CO 0 3 0 3’S ’  CO ON C’) CO CO “ CO 03 C’) 0) N CO 0) 03 0) C” 0

5” ' i n C O’ * i n NC ’ ) i nC ’ )C’-] C’) ’* CO’5 ’ C D t o ’ *N C S C ’)N VS’’*
- 

V

O C S

* *a ,‘>, C’> to 0 N in c —‘ C’> to N “ C’) to in CO CO 00 )  C” ) CO 0) in
$4) N C O C O i n N C O t o ’ S ’C”) inIt) C O C O C O C ) V S ’V S ’ ’ * V S’ ’*  ‘*

1])

* *C’) 0 3 C) t ot o C ’ ]t o C O i n’ *  C O N  tC)C)NCON’*’-’CO U) NCO
a 03 03 C’- C- U) C’) CO in ‘5’- CO CO 0 3 0 3’ .’ ‘‘  C O N  in C’- N CO N V

— - 4

* 
V 

*C O N C O NO C O0 I O V,S’ C -N  C O N C C ’ ) C ) C ) C O r -N N O
0 N “d’ N CS 0 03 in ‘ CO C’- 00  ‘ * ‘ *C D  I— CO C) N C) * ~~~~_  V

V I. 
-4 * — -4 — -4 — — -4 _ _  * - 4 - 4  V

V -‘) * * 
V

C’) — in N N ‘*.‘ ~~ ‘-‘ 0 C) C’) C) 0 0 30 3  N C’ N CO to
S , ‘ C’) C’> 0)0 CS C) N ~ — N N CO C’- It) C it) N 03 C’- — C’] 03 V— * — — NN C’ ] C ’ ) N’ .4 ’4 N N ’

4) ,,,, — —  -

‘ V
4) — —

V 

C ~~~~~4

V ~~~~~~~ I.
C C-’ 4) V V

Cl) V

30

___________ -



c ~~: ~~~ 
~~~~~ W “ “ ‘.

~~ :~~~~~~~

“ 
~r’~~~-~ V~~ ~ V -‘

‘V
C 4-

4’ 1.5
( S c
4> -h C O N C D C O U ) N ’ * It )i n  0 i n C O C’ )0) I Z )’ *C S 0

5 - 4 - 4  e—’ “ C’] ‘-‘ ‘.- ‘ ‘  ‘~4 * 
, ,.s — — — V

— —  ___________ ___________ V

V C O(SQ
a to 000000000 00 000000000 00 

V

N
~~~I.

--

o o 0 0 0 0 0 0 0 0  0 0  o o o o o- o o o o  00  
V

4 - S  N

C
4) ’—
‘C
4-’ ,., ‘5’ 0 0 0 0 000 00  00  0 0 0 0 0 0 0 0 0  00

C’]

4)
03 0 0 0N 0 00 0 0  0 0 00 00 0 0 0 0 0  00

4) ~~1 V

U S  V

,CI. * * *I. N 00’-’ O ’ * ’ *’ - ’O ’-’ —— 0N 0 0 0 0 ”> O 00
5 —

C C
a - ’—

C C  ‘C * ** *-— t~ CO C”> C’) ‘ - ‘003 ‘5”-’ to N CO CO ‘5’00303 C— N 0” to CO in V
— _I rI P4 V

— 4) V -
-~ 

V 4-

0 ”-’ 
V

* * * ‘

4> 
~~ 

C’) N in N C)’* to in — in CO in It) C) * — to 0 -4  0 00) V
S -— — -4 * -4 -4 -4 *

‘,~~- -~I.
4)

* *4> ,
~
, C’) C’) C C’) U) to ‘5’ ’-’ -‘5’ N — 0 ‘5’ N 00 in — — (0 in’S’(5 .-‘ * — -4 l ~~~ ..I ‘.4 * ‘> ‘> C~> C’> 4 — N ..‘I ‘ * V -

U) ‘C V

* * *
- ‘V CO to 05’  N C) in N CO It) in N 0 3 0) 0  C’> It) in N 0 CS ’S’

a 4> ‘ ‘ ‘ ‘ ‘ ‘ ‘  C’] — — N N -4 C”> C’] — C’S C’) N N V

5 —
V V

* * * V
‘V N ~~ — into — C’) ‘S’ -N 0 in U) “ >0 0  C’) in C) to C) U) 0 ) 5’

1-. ~~ 
-— — NC’) ‘-‘ C ’) ‘*C’] CS C’) N N (‘3 ’S’ in C O N  N C’) It) N ’S’

H
* *“ 0) 0 ) t o t o t o 0 ) 0 )  0 )r -  03 IC) ’S’ C ’- t o” C ’) t o ”  i n —

S • 
— CS in ‘5’ It) to CD 5’ N C’) ‘*5’ ( 0 0 3 0  0 to CO N o)* CO 0) -

— ——— ___________ ___________ V

C
4) 4 ) 1 4

C

~~ 
V

C,) ~~~~~~~~~~~~~~~~~~~~~~~ ~~~4C

I.
C I .  4>

I’U 0 4 )

~ 
C

Cl)

31

- — 
,

V 

- 

-‘



- ~~~~~~~~~~~~~~~ 
V ~~~~~~~~~~~~~ V~VV~_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ !1~
.-—-’-t- : 

V ,V V,VV ~~ , 
~~~~~~~~~~~~~~~~~~~~~~~~~ - 

~~~~~~ 
‘
~~
J’

~• —~~~~~~~~~~~~
_

~~~~~~~~~~——_ _ _  --~~~~~~~~~~~~~~~ —~~~ V VV V ‘0 ~~~~~~~~~~~~~~~~~~*~~~~~~~~~~~~~~~~~~VV

! ~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 4) ~ 
V

-~ 
C V V V ~~~~~’~~~~ ’ C 0  ~~~~~~~~~~~~~~~~~~~~ ‘C C V ’  0~~~~~~~~~~~~. C ’ ’

4” •1

W V O ~~~C ’ -~~~- O ” ’ 0  ~~~~~~~~~~ 1-~~N0~~ - 4> C V’0 ’ 0 ’~~ -l 0 C ’ ’ 0  C C S O 0 4 C ’~~~,—
a N r N ,_ ’0 I V ’0 ’0 w C  S I _  N C S C V t ~ . t _  00’0 C V C S C S ’ C S I V . 4VD ,O

C’ L C S 4 -  U) C C  0 0 0 0 0
L I .  ‘~~ 4-

‘ ‘  —~~~~~ P

- ! 

~ 
! 

~~~~~~~~~~~~
V ‘

~~~~V~~ -.‘~~~~, _ o , ’. w C  ~, CV Q N V ~~~V C S C S , ,VCV V~!~~~~ ,• ‘ f l C S N 0 C ’ 0 N I~ ,~) 0 0 ’ ’ C ’  C V C S ’ .~ CS - 
V

Si CV C V C S  ‘, f l r  C’.’ CS — N N — CV N f l  ,- ‘.‘ •,w 10 C S’ 0  ,~ so CS N 10 4 fl 4 W C .  ‘0~~ CS

~~ 

— 0’ 000 — CVo ’ OC O) 0 0 ) 0 ) 0 4 -  C C  0)0,0,

‘V
4) , ‘V ,, - 4-

—~~~~ . ~~~~~~~~~~~~~~~ —~ ~— 

e~~~~N C S ’ 0 C V ’ 4  _~~~ .0 : ‘0 ’0:~~~_ ’0~~~~ ‘0 

—

-— ‘0 ,fl ‘0 N ‘.1 ,00 50 CS C’ CV 0) ‘ - - CS N C-’ — C- V Cl) ‘V 
4-” N CV ‘O W’ . _ 0 ~~~. CS CO f l ’ ’0  N ‘0 4) 00Cl) — a,  CV C’ CS 4 - 0)  CC C’ C’ C’ ‘0 C .- — C’ C , ,  ‘., CV C C C C’ C’ CV C CV C- C C’ 4 C .  CV 0) C’-

~~~~~~~~~~~~~~~~ C V 0~~~~~~~)~~~~~ 4 ~ :~:::: ::~:~C,) ‘4 — ‘0 t’4- CV f l - C S CC S C S C  C’~~N - ’ 0) ’ f) * U ‘ C V ’ 0 4 - O~~, 0 0 C V- C f l~~- W  W , f l W U )~~~~ O C S ,0 ’ 0— I’ OV C’ C’ C’ C’ 0) C’ C’ C’ — C’ C’ C’ C’ C’ C’ C’ C) — CV C ’- C’ C’ C’ C’ C C C’ CV C’ C C’ 0 CV CV 0)

S 
~~~ V~~~~~~ V V V ~~~~~~~~~ V 5 ;? 

V
U)C  , - 

V

“4 --’ 0 “ -~~ 2 ~~~~~~~~~~— — “ O C V  CC ‘0 0 ,~ 0) 0 4 - 0 ) 0 )
a 4 )  ‘

C V V ~C C S 0 C ” ’0S) ~• N C ~~~V’ C ’ C CM t)~~~~ 4-t) , _ W V C ’ W V~~~~C V f l N~~ , W % O C S C’
CO CS * WV’ O W  C”’ 0 N 4 0) 4) 0 0  CO tS CO C’- N ‘0 4 0  0 ‘0 NW

S • V V V V V V V V V

V 5 4) 00 CV 0 00 S” ’-’ ’ ‘0 N CV ‘0 CV N < ‘C ,_ N ,fl N CC — 0 ~V, CV 0 CC N 0 4 CV CO CV
CS C CV’ . ’  CS U) C S C O ’ O  “ 4-4-’ C O N  CO N 

‘V ‘0 40 ‘C- ~~ CO WV N ‘C- WV WV CV CC CO

CU V
0 0 0 0  0 ‘0 t— C V ”0  C S ’ 0  ‘0 ’-’ ‘0 — ~ - C  ,p 4, (1) 00 ‘0 00 4-” — O W  CS CS N &- N ” C O , -  N N(5 — N — ~~~‘ f l C S C S  0) 00 — — CM C’ C’ N cM o-, ~,, ~~ 10 fl CV’) ,• .0 00 CS CV N CS ~fl 4- C) CV CC’) CO C)) N1, ‘0 CV - 0) 0 ) 0 ’  0’ 0- C CV C’ C’ C’ 00’ - - C ~~ (5 CV C’ C C C’ CV CV CV 0) 0)0C C CV 0) C’ C’ CV C’

S

~~~~~~~~~~~~~~ CO ,C’ C O ’ . ) C 0 ’ 0 0 . W  CC0~~~~I0 C 0 C O 4 M~~~~C O C C
‘0 ‘0 ~- “ — C’ , c- ~- C’ C’ C~ - 4> — CV CV C’ C’ CV C CV C’ C -  CV 0) 0) 0) CC 0) 0) C - C  V

CS -V

C ~~ S CV CV 00”  CV, f l  4-4 14- CS -~ CC ‘0 CO ,~) C’ “ 4 - -  ~ 0 * N’>  0) CM N CS CO ‘‘ 000 ‘0’ 0 )”
C V * < ’ C ” . C V C S C - S  O)0000 04 C ’C-’  

~~o ; 
‘0 ~~~~~~~~~’0 O O V , CC’) )O C S  C V C ’ C S 4 C V C ) C ’0t.

-— CC) CC <0 4 C’ CA) N N 04 4-0 00 CS IV - C’ CV 0 0 CV ,~~ CS ‘0’ 4 CC’ N C .  CCC -’ — 0 00  I’) CS 4-’-’ ~~ 
C C’)

4> ~~‘, CS ~~~~ ‘ C V 0 N ’ C~~~~~~~~~ 0~~~~C O 0 C ’ V N C V  ti) CV~~~~ ’ 0 C V C S C V C C~~~~ C S N~~~~~~~CV

4>,”  ) ‘)
0.) ”4 4) ,_~~

* 
U ,.., , V

Ci ,Q O S  ,- o. ~0 C O  ‘0(0 * C’- CS — CS CCC CS CD N N C) -— C V ”  O N  f l  C’ 00 N CC ‘0 ) —  CS 4 0 ) 4 ’  N C ’ .  CV V
-— 00 CC C’- C-C C — — CS N WV ‘0 0 0 1,  — C- — 0 5 ‘C C” *4 0 N N’ .) *f l ’  — N C’) N CV C” CS 4 0 0

U) 4> ‘.‘ ~~~~~~~0 C ’0 C ’ C’ C) 0) 00~~S 0 0~~~~0 C ’ V V C ’  C ’ V C ’  C’ V V C ’ C ’ C C ’ C ’ C ’  C ’ C ’ C C V C ’ C ’ C ’ C ’ C

0 C’ CS CS CV C’ 0 WV S i r  C — CV 0 ~~~ — 0) N N CS CV C 00 CV W~~~ ‘0 C V  CM ‘0 CV 0

0O~~~~C S C 0 C0 o , s s o~~~~oo ~“ u  ‘0~~0I0IO 00 04- W V ’ 0 C S
• 0 4>

• 00 — CS 0’, CS ‘A *0 4  ‘0 CC CI) CS ‘0 — 4> 0) CV 4 - -  0? ‘t CV ‘ ‘0’~~— 1 0 0 ”  CV 0 0 0 4  04 4 CM

~~~~~~ S~~ CSN 
~~~N S C S I O’ 0 ’V 

- 
~~ “ 

- ~~~~~~~~~~~ 1 0 C O C 0 CO~~~~~~’ C C C M 0

c’ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 0 ~~~ 
, V

4) 0 O~~~O 0 0 O~~~0”  C V S~~ OQ~~~” ” ”  4) ~~~~~~~~~~ _ “ 0 0”  CMN0 ’1 N
_______ ________ ________

c M O C S — C~~~C S ’ 0 N  ~~~~~~~~~~~~~ 0 0 ’  ‘,~~~• 
- _ —  

C4-’ - — N C S ,  — C N CS C CV 0 c-l I)  * ~ ,l’ N ‘C — 0 C’) P. ‘0 0 0 W  N W  CS ‘ 0 0 0 5  CC C’ -‘ I’)
II ‘4-’ ,-~~~~0 VN . C S 0 C V  O N C 0 0 N I~~~~~~~~ C ’ C C V  , C ’ C C W N ” S ’ * C S”  C ’ I N C S C ’  C V C V V ’ 0a ‘ • ‘ 0 C S* C V ’ P~~~ U) 0 4* 5 0  C”.’ ~~~~~~ ~~~~~~~~~~~~~‘C V 0C~~~~N P • O * 0 0 0 0) C V V C C ’ 0  V

z ~
_
~•5~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

£ ~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~ < , Q 

~ 
~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

U ~~~~~~~

32

1_~ 
~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V-
~~~~~~~~~-4’-~- ’



V V~~~~~~~~~~~~N4~~~~~VV_ *_)_O V C V~~~~V V - V _________
“C’V W~~~~~~ ’X - VV • 

__
4~~~~’0C’~’T0  —

C S S ’ 0 C S O  O 5 0 C S
- 

~~ 0 00  0 . ’0 00 0

~~ee~~~~~oo o o  

4-

~

~~ ~~~~~~ 
• , • • • •

~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~ 

z ---
~~~~~~~~~~

-

U ~~~~‘j ~~ 0 - -ec ,g 0 0 0

~1 ~~~~~~~~~~~~ 
~ ~~~~~~ 

e~~~ -o-~~oo

~~~~~~~~~~~~~~~~~ 0~~~~~~~~~~ 0 . ,C P 0

*

U; 

~~~~~~‘.~~•o~,8 ~~~Si~~~~Si ’. C~~~~~~ 
“

~~~~~~~~~~~~~~~
““

~~~

0) ~~

~~ 

C V N I . N 1 0 0 0  ~~~~~~ 
‘

~~~
‘
~~ 

h ~~~~~~~~~~~~~~

P. 
~~~~~~~~~~~~~~~~~~~ 

0.

• L(4~~~ J ‘0 ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ N05 ~~~ 

V

Si 

CO ~~~~~~~~~~~~~~~~~~

* ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

CS ~~~~~~~~~~~~~~~~~~

— 

‘ ‘. ‘ ‘ ‘ ‘ ‘ ‘  CC C-

N 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~•‘v ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~

- • 
- 

~~~~~~~~~~~~~

C 

C

______ - _______

0 (/) 15

I ~~~~

4>

33

V - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 

- - -V - —-* 

-



___________________- V _~_V_~ — ____ _V_ __V VVVV’._ •_~V_ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- V 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
~~

V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V 
4- V

52  
C

The probability 3f a run of exactly x hour8 in length. P(FS
~~

l”) , is the probability
that there will be a fatlurt’ followed by x successes followed by another failure. This
might be cst m~ted . s  follows, for runs of length 1, 2, ~~ nd x hours. rt ’- s pect tvc— V

V 
ly:

P’ (FS ,~l”)~~ P (F )  P(S F) P(FI FS
~

) x~~l

P ’ (~~~~F ) *  P (F) ~ (5~~~) p(S I FS i~ 
P (F ’ I”S ) x~ 2 (11 )

~~~ C ‘S
~
i
~
’) P (F )  P(S 1 1”) P(S~ FS 1

) i-’(S t i-’S,) ) ..  P(S ’ FS
~ _ i ) P(F 1 F S )  ,~“ 3

where P15 I I”) is the estimated probability of a success given that a failure occurred
the previous hour, P(S~ FS1

) is the estimated probability of a success given that a
CSut’t t’SS ot ’t’ui’rt ’d auCi ,t f . l Llu re occurred 2 hours t’ , t  i-lu’i ’ . ,. . .  • P(F FS)  is the
estimated probability or a failure given that x $uct’C5$C5 oc curred the previous x
consecutive hours and a failure occurred ~~~ 1 hours earlier. The unconditional and V

conditional probabilities (‘an be estimated from the relative frequencies but very
large samples of data are required to obtain statistically stable relative frequencies
of long runs, because they ai-e (-are event s . V

The points plotted in Figure 7 show the nine-station median relative frequencies
of success given a failure and x hours of sut ’cesses have occurred. The median

V value s are given in Table 2 1. Smoot h curves were sub,iectively drawn through the

points in Figure 7 . The probabilities required for the solution of Eq, ( I i )  were

estimated from these curves ,
Table 2 1 shows values of P(S FSx

) t hat were estimated from the curves shown
In Figure ‘7 , The conditional probabilities always increase for at least 8 hours and V

most of the values increase for at least 12 hours ,
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- Figure 7 . Relative Frequencies of
V Success Given Exactl y x Hours of

~~ - S r  - “ Consecutive Success Have Occurred,
in W inter (a) and Summer (b). The
curves were subjectively drawn. The
dashed portions of the curves are
based on fewer than 30 cases
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The values found in Table 21 were used to solve Eq. (1 1 ) ,  By substituting

P’(FS F) from Eq. ( 11) for RF(FS X F) in Eq. ( 9 )  the following expression is obtained
for estimating n(FS

~
F)

~
(Fs

~
F’) o P ’(FSX F)N . (12 )

Solutions to Eq. (1 2) are given in Tables 13 to 16, The agreem ent s between the
observed number of runs and those calculated from Eq. ( 1 2 )  are very good. It
should be understood that this is not an independent test of Eq. (12) but rather a
subjective fitting to the data to obtain conditional probabilities and an objective
method for finding the desired probability estimates,
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The relative frequency of t he recurrence of a success hours later ~~ivo ’i~ t hat
a success owcurred. HF(S~ 

( 5) , can be determined from the data by tlh’ t tin~ the
nuu~hei’ of occurrences of successes spa ced s hours anart . n(SS~). by the total
number of s Ut~ ce’s ses , n(S) . that is. 

V

n(SS4 )
HF(S 4-

I S )  , ( 1 3 )

Conditional recurrence relative frequencies based on 13 years of hourly
observations taLe’n at each of the nine stat ions are given , for selected hours, in
Tables 2~ to 25 , l’he median values for each season are also ~ iren in the tables
and plotted in t”i~ ures 8 to I 1. The curves for summer show a pronounced 24-
hourly period.

ô,2 MISI INI

McALlister 6 proposed an expression of the form

I’(s~~~~S )  . P(S~~, ) 
( t _ P ( S

~~~~~~~ 
( 14)

for est imating recurrence probabilities of cloud ~-over, lie used a = 0. 263 and
b 0. 632 as the best estimates of the parameters , Gringorten7 showed that l-’q,

(14) yields probability estimates ~‘ery close to t hose obtained from the b(var iate V

normal distributions it the parameter to is fixed at 0, 620 and a is allowed to vary
wit h the climatic frequency of the t-vcnt and the basic persistence of the element ,

6 \h~ V\ l l i s t cr U, H. (1C 1 6 ~~1 cloud-cover recurrence and diurnal variation.
i. \ppl. \leteor. ~:7 69—777 ,

7 . ;ringorten , I. I. ( 1 07  1) ~tIodeling condit ional probability, J. A ppI, Meteor.
lO~646-8f 7.
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Figure 8. Relative Frequencies of a
Success, GE 10 Miles Visibility1 ~

- 

C Hours Later Given a Success Has
V Occurred. in Winter (dots) and in
- 

V Summer (X’s). The solid curve is the
solutio r, to Eq. (15) with a ’ = 0, 158
for winter, and the dashed curve is
for summer wit h a ’ * 0. 163
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- Figure 9. Relative Frequencies of a
Success, GE 5 Miles Visibility, 2
Hours Later Given a Success Has

- Occurred, in Winter (dots) and in
Summer (X’s). The solid curve is the
solution to Eq. (15) with a’ • 0, 224
for winter , and the dashed curve is for
summer with a’ 0. 175
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Eq. ( 14) was modified to: ( 1) eliminate any possibility of obtaining probability V

estimates greater than one: (2) take Into account diurnal periods in weathe r events: V

and (3) obtain climatic estimates independent of the tnitial hour. The new equation C

was expressed as follows:

è(S1IS) • p~~~ [(l
_e ”5’4 ) (V2 ) + e

_ 5 ’1 (W~] 
(I S)  

V

where 77 Is the temporal average of the product of the two probabilities , that 1.,

~~~~

‘ 

~~~ 
(Y ,~Z~~~) ( 15a)

Where Y and Z are probabilities of success at time t and tt2 hours , respectively : V

and, W is the temporal average of the lower of each pair of probabilitIes , tha t is ,
23

W a  
~~~~~~~~~~~ 

W~ ( 15b)
1—0

where ~~~~~ or whichever is smaller.
V Table 28 shows that there is a pronounced diurnal per iod in visibility occur-

rences. The hourLy climatic frequencies of the events were substituted into Eq. (15)

using 2 • 12 hours &flC l  b • 0. 620 and the equation was solved to find the parameter
a ’, The a ’ values are given in Tabl e 27.

Eq. (15) was solved for Lags fro m I to 7 I hours using the a’ val ues given in 
V

Table 27 . The resulting curves are shown in Figures 8 to II .  The fits to the
mummer relative frequencies are excellent for all visibiLity categories . The fits
to the winter values are also believed to be acceptable for most purposes .

7. RV.MA~ kS V

Relative frequencies of persistence , runs , and recurrence of visibility along
th. east coast of the United States between New York and Nort h Carolina, presented
in this paper , are based on more than 250. 000 hourLy observ ations taken in winter
and a similar number taken in summer. They are believed to be good approxima-
tions of the true probabilities .

Models are presented for Use in estimating Joint and conditional probabilities.
The estimates are usually in good agreement with the relative frequencies when the
parameters are carefully chosen, However , the best parameters for the Central

Fast Coast area of the United Sta tes may not be the best for other geographical V

areas , Future studies will  be extended to other areas and to improv ing the models.

Other weather elements are under study at the present time.
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TabLe 26. Nine-StatIon Median Relative Frequency of Each Visibility V

Category for Each Hour of the Day 
V

Hour Winter Category Summer Category C

(LST ) ~~.25 ~ 3 ~~5 ~~10 ~~1 ~~3 25  ~~10

00 . 0162 . 134 . 808 . 877 . 00752 . 0585 . 890 . 489
01 .0179 . 138 . 805 . 560 . 00920 . 0778 .876 459 

V

02 . 0205 . 140 . 807 .561  . 0142 .0911 . 850 . 426 V

03 . 0231 . 138 .813 . 556 . 0209 . 123 .818 . 389
04 .02 14 . 138 . 807 . 543 . 0359 .15 1  . 777 .364
05 . 0273 . 150 . 806 . 530 . 0602 . 207 . 705 . 303 —

06 . 0248 . 186 .793 . 508 .0619 . 231 . 685 . 308
07 . 0273 .212 .726 . 424 . 0518 . 211 . 691 . 324 -

08 . 0273 .233 . 689 .378 . 0251 . 157 . 756 .348
09 . 0188 .238 . 688 .386  .0109 . 120 . 828 .385
10 .0162 .217 .716 . 425 . 00836 . 0970 . 854 , 454
11 .0120 . 185 .7 6 1  .493 .00502 .0694 . 895 .5 15
12 . 0102 . 173 .783 .544 .00418 .0535 .912 .548
13 . 00940 . 155 .810 .572  . 004 18 . 0502 .9 18 .57 4
14 . 00855 . 144 . 820 . 589 . 00334 . 0502 . 927 . 592
15 . 00940 . 149 . 820 . 600 . 00418 . 0485 . 926 . 598 - 

V

16 . 00120 . 148 .816 .59 1 . 00418 . 0460 .928  .598
17 . 00855 . 147 .815 . 552 . 00502 . 0426 . 932 . 604
18 . 0102 • 120 . 838 . 562 . 00502 . 0485 .015 . 599
19 . 0102 . 116  . 843 .579 . 00585 .0602 .90 1 . 553
20 . 00940 .119 . 843 . 592 . 00585 . 0485 .9 12  .528  V

21 .0120 . 127 .832 . 592 . 00418 . 0426 .914 .551
22 .0154 • 128 . 827 . 588 . 004 18 . 0493 . 909 . 529
23 .0154 .138 .823 . 579 . 00585 .0518 . 903 . 520 

V

Table 27 . The “a” Values Used in Eq. (15) to Find the Curves
~ hown in Figures 8 to 11

Visibility Category

LE 0. 25 (WInter) C

Season GE 10 GE 5 LE 3 LE 1. 00 (Summer

Winter 0. 158 0. 224 0. 260 0. 425
Summer 0.163 0.175 0.263 0.524

45

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— - - 

~~~~~~~~~~~~~~~V



V - 

_~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
~~~~~~

- -:~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
1

V~~~~~~ I,

References

1. Lund, I. A., and Grantham, D. D. ( 1977a) Persistence, runs, and recurrence 
V

of precipitat ion, J. Appi. Meteor. J~ ,:346-358 .
2. Lund, l.A. • and Grantham, D. D. ( 1977b) Persistence, Runs, and Recurrence

of Sky Cover. ERP No. 621, AFGL-TR-77-0308.
3. U. S. Department of Commerce ( 1975) Federal Meteorological Handbook No. 1,

Surface Observations, U. S. Government Printing Office, Washington, DC
309 pp.

4. Gringort en, 1.1. ( 1966) A stochastic model of the frequency and durat ion of
weather events, J. Appi. Meteor. ~,:606-624.

5. Keilson, J., and Ross, H. F. (1975) Passage Time Distributions for Gaussian V

Markov (Ornsteln-Uhlenbeck) Statistical Processes. Selected Tables in
Mathematical Statistics Vol. III. American Mathematical Society,
Providence, Rhode Island, pp,233-327.

6. McAllister, C. R. ( 1969) Cloud-cover recurrence and diurnal variation.
J. Appi. Meteor. 8:769-777.

7. Gringort en. 1.1. (1971) Modeling conditional probability, J. Appl. Meteor.
10:646-657.

47 _ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


