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AFGLwTR 84m0053 2.1.1

ODELING CUIKA7lWGY OF AREAL COVERAGE

Irving I. Gringorten

Air Porce Geophysics Laboratory (LYT)
lbascom APB, MA 01731

1. INTRODUCTION over areas ranging In size from 26 km2 to 2600
ka2 , and have found frequencies of extremes of

Throughout a liven area, at any instant in rainfall as a function of size of the ground coy-
time, the weather, such as rainfall depicted on a ered. Other studies, by Court (1961), Briggs
radar screen, or clouds in a satellite picture, (1972) and Roberta (1971) have linked the rain in
produces a pattern that Is unique to that instant a circular area to the central single-station
in time, not likely to be duplicated at another amounts by idealized models. In general, hovever,
instant. The change, from one instant to another, efforts at areal coverage have been few and models
is likewise unique. Both the pattern and Its of areal coverage have been rare. The following
change, however, are governed by basic restraints examples illustrate the potential of such studies.
that characterize the cli ate of the area. ?be
relevant climatology must consist of the statistics
of the events or the probabilities of events in
the area. at I,.

If the probability is known, say, of 24-hour . ...... ".
rainfall exceeding 10 m at a single observational .... ..................
point, we must ask: what is the corresponding "'
probability that the same quantity will be exceeded * -

everywhere In a surrounding area, or some fraction
of a swrrounding area? It Is this type of cllmatol- *
ogy that is the subject of this paper.

Satellite pictures, recording as they do the .

areal coverage of cloudiness, eventually should -Aft,
help to provide the kind of cloud climatology '
that we seek. Radar has been i valuable asset in
recent years because of the panoramic view that
Is provided of precipitation within a circular
area surrounding the radar station. Satellite L
and radar, however, are recent tools. Generally,
the existing climatic records contain single-
Instant observations of weather at single-point
weather stations. Recorded rainfall amount is
that at a rain gauge. Temperature is that In the
thermometer shelter, and so on. The climatology Fig. 1. A map showing the location of 145 eta-
of a city usually ti that at an observational tions equipped with rain gauges in New
point in the city. England.

* With respect to time, most observations might
be considered as instantaneous, observed at re- PIS. I shows southern New England, centered
gular intervals. Nut there are also time-inte- In assachusetts. There are 145 little circles
$rated observations, like 24-hour totals of rain- showing locations of stations that report 24-hour
fall. There are observations of the average tes- rainfall. There ere 5 nesting squares of areas
Perature, and maximum and ainimm temperatures in ranging from 1000 km2 to 20,000 6a 2 . Some 20

A 24-hour period. All such observations contri- years of record have provided the estimates (Table
bute to the climatological character of a loca- 1) of the maximum 24-hour rainfall amounts as a
tion as it relates to time or the duration of function of areal size. The frequency of no rain
events. Is there a similar cliltic record of at a single station is 621, but within a a-seale
spatial coverage of climate? area this frequency must drop steadily with In-

crowing else of the area. 1he slgle-poiat prob-
In mst previous studies, correlation coeffil- ability of 25 on of rain Is 2.&1, or the probebll-

Cents are the principal object of Investigatioen, lay that It will got be exceeded Is 97J. An we
With notable exceptions. Schreiner and Model leek at ares* of noesroela g sia, this cumulative
(1978) have collected rainfall data Integrated probability eat decrease. Or conversely the pre-

* 02 21 105



2.1.2

Isola 1 . New Engline July maximuum 2t.-hour rain-
fall, in square areas rangim4 (n size
:rom 1,000 km2 to 28,00u, gj

2
.

Pa in Si "gle- Frequeicy cf
*'...uflt itAtiOn Areal .1aximue/

(m) Frequ. (Area in units of 103 k 2 )/ J 7

1 28
none .62 .44 .17 .t 7Y

* e23 .97 .94 .76 .63
'75 .999 .997 .984 .965 f....~'

ability that rainfall will exceed 25 -m, so.jeahere
in An area, must Increase with increising size of
the area.'

Fig. 3 . Illustration of a PPI-rsdar picture, In
525m w~lch there were scattered storms produc-

ing radar echoes.

rainfall echoes. For example, at Key West, Flor-
ida, in summer, the single-point probability of a
radar echo is 2%. But the radar sees rain over an

cells, each cell of size 1580 km . Two cells

hav twcethat area, all 64 cells have an area

I I p 5*.00-

2 ~ - m A- 4?Ca

Fig.~.01 2. Tecmltv rqecjftemxts.

Englan2 . The cuvfresuee ofitted byaxtu 71

model of areal coverage. .4-

The numbers that appear in Table I also 0.01 ai is -L 5 L W00
spoear In Fig. 2 at the X's. The solid curves AEA (1' USAUCS or boo

have boon drawn by means of a modal of &real
cover, which I shall try to describe shortly. In fi. 4. The frequencies of radar echoes covering,
order to fit the curves to the observational data, at least, (3/10 ths of the areas ranting
a value had to be found for the model's parameter, from 1.6x103 W (I call) to 105 ka2

called scale distance (2.63 km in the example). (64 cells). The plots are for Key West.
To understand this pa-raseter, for the present, we Florida and Cape Iftteoraa, N.C. Ini
describe It as the distance over which correlation summer (all hoars Included).
coefficient Is 0." .

Another quostion Is: Mhat Is the probability of approximately 100,000 km2. The f requency of
of tale Over a I ractios of the whole area? FIS. 3 echoes, in at least 3Il0tbs of smell areas, is
Is a Sketch of eeo picture of a radar ppI-scope, . meely the same 21. *If the area becomes larns.
ebmeime scattered a at stormy wehr. ns. 4 them a n2 siaglapoims probability Will Met

IMP at a graphical proeastaties of I reaaces of yield M sover very Ot te% - h Soli OW ve .1w O
this diagrm. SOL&. are proided by a edal of

wea ce-w
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X PIS. 6. Correlation coefficient versus distance
x SKYCOVER between stations, of wintertime surface

temperatures (ef: Bertoni ad Lund,
MEA CVER : -76 1964).

SCALE DISTANCE 194)
in statistical format. This Is the difficulty
that we wish to overcome by modeling. Ve vant to
be able to simulate a sequence of changes in the
weather covering an area, whenever we choose, and

0 2 4 % % we want, ultimately, to provide usable statistics
O..A ~of &real coverage, Including cW's, and probabili-CCLO) C ties of fractional cover by weather conditions

such as cloud cover.

Pi. S. The cumulative probability of cloud
cover, from clear to overcast, for the By and large we suet depend on statistical
area of the sky dome that an observer models which I must yet describe. But there is a

sees, and for 25 times that area. The concept that needs to be examined first, concern-

example is for German stations with mean iuS the equivalent normal deviate.
cloud cover 0.76 in January.

Fbr:partial cover let us look at Flg. 5, for
an example of cloudiness. In this diagram we have
plotted probabilities of cloud cover from clear to
overcast. Germany has a satisfying high frequency AMC IMITED
of clouds In winter, averaging 762. The sumaries
of ground observations at Bitburg are shown by the so
X's. The model provided a reasonable fit to this O
data, but the model does more. Consider a larger 3 "
area that a satellite might see. Obviously the
Probability of all-clear must be loes likewise j
of complete overcast. The larger area must expe-
rience more cases of partial cover. The model
provides such estimates that are otherwise not
available.

One characteristic that we must simulate with
our model is the change of correlation coefficient j
With tie distance between stations. lig. 6 is an
example taken from a 1962 report (lertoni and As
0nd). Correlation begins high for short dis-

tastces, but drops to zero and becomes negative at
Substantial distances between stations. The ex-
sPei shove cc of surface temperatures plotted
against distances between stations from a few ka O J 100
to several thousand km apart. VWTY." (Mfti )

Thoretically an abundance of data, at an
Gheldance of stations In a small area, with a 1. 7. Illustration of transformation of a wea-
rapid succession of observations, could provide ther element iate Its equivalent normal
the kind of areal climatology that we seek. Prac- deviate (or vice verse). bample is for
"tally such abundance would coofront us with the January oeontime visibility at edford,
.eftmou task of mapping and recording events as a WA

, bistory of the weather, prior to its sueinastitbon
* Ev'

0!
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' . . FJUVALrdT NOMAL DEVIAIE (END)

Fig. 7 is a Pumple plot of the cumulative ................
frequency of a weather element, in this cage of
visibility at Bedford, MA, in January. at noon- .y(itkjtl)
time. The X's mark the frequencies that have been ... ........ ...... . .
summarized from 20 years of data. They show, for A0.
example. a frequency af 2% for visibility less
than 1/4 oile. 7% for visibility less than I mile,
also 62Z frequency of visibility greater than 10 ...

miles. Alongside the scale of cumulative prob- R ............ .. .....
ability we can plot another scale of the equiva-
lent normal deviate, (y). The correspondence of
y to F(y) can be found in nearly every textbook on

statistics. By means of a diagram such as Fig. 7,
or alternatively by equations, we obtain a trans-
foration of the variable (V in this case) into
Its END (y), or vice versa. .....

Our models are derived usiag the END's. The
results are then transformed to the appropriate
weather variables, whensoo required.

3. APPROACH TO AREAL CLIMATDLOCY

An effective model of areal cover will pro-
duce a simulated horizontal field, stochastically, Fig. S. To illustrate the former development of
without recourse to physical laws or dynamics. stochastic modeling.
To early models (Gringorten, 1979) were devised
in the manner illustrated in Fig. 8. Imagine
that our horizontal space is filled with a fine-

mesh grid of points. Assign, Initially, random
numbers to all points. Around point (i,j) draw a
circle and take a weighted average of all the
random numbers within the circle, then replace
the random number at (i,j) with the weighted aver-
age, y($,J). If we do this for all points within
a large square, we shall obtain a pattern wherein )
the new values, at all points, will be correlated
with each other. Models that have been composed

in this way differ from each other in the weight-
ing function that is selected for each model.

Once a model is selected, the adopted proce-
dure can be repeated many times to produce many
simulated synoptic situations, thus comprisLn. a

large sample that can be surveyed for spatial cor-
relations or associations.

This early modeling procedure has been set
aside in favor of a now model that requires the.
generation of only a few dozen random numbers pet N
map, instead of many thousands.

4. BOCHI'S SAWTOOTH AV3 MODEL (SSW) Fig. 9. To illustrate the stochastic procedure
in the SW-model.

The presently preferred model was devised by
Major Albert R. Ioehm, USA?. lb has gIvan it the
descriptive name Sawtooth Wave. We shall refer to cross-section the waves are sew-tooth in
to it as the SW-nodl, form. The left-hand edge of each wave has zero

height, the right-hand edge has a height of unity.
We begin with a horizontal space (Fig. 9) At any point (u,v) in between the wave phase,

with aes (U,V) and point of origin (0,0). We in- Z(u,v), is uniformly distributed between zero end
troduce a stationary wave formation with waves one.
that are straight and uniform in wavelength. The
wavelength (A) becomes the parameter of the model, he wave formation has two degrees of freedom.
which, in our climatic fields, measures several and thus allows for selection of two radom mm-
hundred to several thousand ke. In the follovwig ber: om fo the directioe (S) of the weve for-
derivatio, hm r, the wavelength is the mlt nation and eme for the phaee at the polt of ott-
of distae. $is, s(0o,0), %Uisb mt be eqmal t the fractieol

dictane I hu i'-Is the iaes. At every Valet
Is the -V field tbre to a wave hase, a(m,v).

'VJ



;;ow, consider any (Si) wave formsations, each
with a random direLZion (OL) and each with a. ... ... . . ...

..Stp.ait1hs 'j t the origin. Then, at
machpoit (~v)titre will be N values of

xj(u~v) for 1 4 I ( .
o Oj0 4 2.
o r. Y~ 1 1

The average, y(u~v), of all I values of xj(u,v),
as N becomes large, will have an asymptotically

* - Gaussian distribution. Jhen. for convenience, If
Is made equal to 12, the equation becomes A

0 1 a.j a Y A5. a.8* 01 l LE iIA

y(u.v) - Lxi(u,v) - 6 srm1~ULsT .i

Fig. 11. Graphical presentation of the change

* ~~There will be a value of y(u~v) at each pointofc ihdsaeinte SWmel
* (u,v) in the horizontal space. A sample of such

generated fields Is shown In Fig. 10, with4.'Aelcvrg
distinct low and high cells and saddle points. 4.Aelcvrg

While we have am analytical solution for the
au~ correlation decrease with distance we lack such

-, 0good fortune, at this time, for the primary goal
0of this paper: to find the probability of the maxi-

it m suncondition in am area or a fraction of the area.
Whave obtained approximate, although good, solu-

k OD LOW% .$ tions by Nonte Carlo simulation. The following is
abrief description of our procedures.

00s In a field generated by the model, consider a
0 L square area of side a (in units of the wavelength).

km 0 At some point in the area (&2 ) there will be a
maximum. There will be. also, a tenth largest, a

100 two-tenths largest. -- and finally the minimum in
the area. In terms of a fraction (f) of the area
the maximized minimum In such fraction, y(f,s2 ).

Co becomes the primary subject. We want to find the
soO cumulative probability distribution of the thres-

%L hold value: ?(y:f~e2).

A large number (N) of stochastically gener-
ated maps will provide a frequency distribution of

so 10 IG 200(f,6 2) that will approach the true probability
km -- distribution asymptotically as X Is Increased.

Fig. 10. Example of horizontal field generated This kind of Monte Carlo simulation was con-
stochastically by the BSW-model. ducted with M - 25,000. On each map 12 square

areas war* surveyed for the largest value of y,
4&. Correlation the (I/10)th largest. (2/1O)th largest, and so on.

down to the smallest value. The linear size of
An analytical solution has been found for the each square, In units of wavelength, was

correlation coefficient P(s) between points sep&- a-Z/4 hr 111
rated by distance (a), In units of the wavelength: 2/ 0 whra*-(10

P(s) w 9 - (12/%)s + 1 for 0 4 041from all 25,000 maps cumulative frequencies were
*3&2 - (12/)s +l found for each

fo+ yflf0a) - -3.3(0.5)3.5

The graph of p(s) versus a Is shown In Fig. 11.fr -001)0
For our purposes we shall rarely need to consider -

distances of more than one wavelength. The dim- ada -()0

tance (a) will usually be a number between zero Usngth freqhecies thus obtained the charts of
and negive by12 were drown to show the probability matt-

a e @*A mtes of p-maim for a0 .0 , 0 .1, 0 .3, 0 .5
oeeeessielP, fa ot a fmr -1 to S.- ftothim

erfe a' Is the distance (he) and A Is 94w pajre- m necessary, espeially at the extreme of the
moter oave leasth (Mo).*isr~m
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2.1.7

4c. Applications

ot a square area, A k
2 . with linear dimen- F o"

mns ae setL

for whicir = 9
z - An(340s)/Ln 

2

When a to entered in a chart of Fig. 12. theever- om 5%
tical line upward from the abscissa provides esti- o a HORn a0
mates of the probabilities of various thresholds
of y corresponding to the area (A).

Ynstead of the wavelength (A) it I* conven- L 0
lent to substitute the parameter (r), called the j
scale distance. In the SSW-model it ts a distance I
over which the cc is 0.9886 (close to 0.99). By b 1 Ot
and large, it is a more meaningful parameter in 100_
application, Siven by

r - s'/340s ka = A/340 ka - VA/22 ks.

Or, for z: W 1 We
HM 46 tOXM 72

z - 2n(/A/r)/in 2

Ebr the New England 24-hour winter precipitation, Fig. 13. Example of stochastic horizontal fields

we found scale distances of 9 to 10 ke. for radar following one another at 24-hour inter-

echoes they ranged from I to 2 km in summer, 2 1/2 vale In a Markov process.

to 4 1/2 km in winter. Cloud cover scale dis-
tances have ranged from 1/2 ka to 10 km depending
on season, time of day as well as geographic loca- 6. REMIING PROBLAMS
tion •

These efforts have raised more problems than

5. TId£ COOG;S they have solved. We have devised a procedure to
generate synoptic pictures of the weather. stochas-

The above-described model enables us to Ren- tically, without regard for the underlying phys-

*rate "snapshot" pictures stochastically of a ical processes. Me have made no effort to use the
horizontal field. So, far, the END-value y(u,v) models of Numerical Weather Prediction (NWP) to

at a point (u,v) on one map is independent of produce successive pictures of the meteorolosical

that generated on any other map. events. At this time, however, we do not know if
the hourly sequences of NWP will, in fact, yield

Let us suppose that one map has been #enor- a climatology that approximates that of the real

ated at time t with values of yt(uv) at each climate with respect to such elements as cloud
point (u,v) of the space. lat another map be cover, especially mesoscale features. At this

generated, for the time (t44t), in terms of point in time we are justified in adopting a pro-

Oen END (nt) to give values Of "(t.t1(u~v) cedure that will produce maps that, collectively,

at each point (u,v). Meka the modification to will yield a climatology consisting of a good

Y(tot)(uv) by means of the Harkov model. approximation to the borlsontal field of correla-
tion and satisfactory probability estimates of

ythe eaimum and minimum of the weather conditions
y(t+6t)(u 'v ) t 7t(u 'v  

(tt)(u) In fraction (f) of an area (A). There is.nothing
Where the cc (Pt) for time lag (4t) is given by in the model, yet, that will cause a synoptic sit-

motion to be advected as well as modified.

t -axp(- tIT ) An ultimate model should be -diensional, to
yield probbilities of conditions In 3-dimen-

where T (in hours) Is a parameter called relaa- sional space and to include events in time. Nor* -

tion time. over, the probability of events or conditions
should be estimated analytically instead of by

Between the y-values of the later map. the onte Carlo simulation. We have made a beginn-
St can be proved to be still p(s), the same a io, but much reains to be done.
it was on the map at time t. That is, the cc-
field on the mw eap, 6t hours later, is pre-
- rved. Iis io a necessary conditio to asure
lbO aentimuicy of the models Characteristics.* As
"ORpl. of beurly, ehages i shovm it Pigs. 13 fee

3 0 hours.

A#~, A. . a--
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Wave _odol Is the Invention of .&jor Albert R.
Boehm, USAY. Kavironmental Technical Applications
Center. aich of the background effort wa per-
formed by the computer divisions ANL, and by
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