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SUMMARY

'éhe electromagnetic field strength measurenents -(A-5-Svié—cm.)
cbtained during the 1966 FCC/USAF POPSI Project have been classified
according to propagation mode and the data from periods of precipita-
tion have been analyzed in detail. Cumulative probability distribu-
ticns were generated for the effective radar reflectivities derived
from the bistatic electromagnetic measurements and compared with the
probability distributions of the surface rainfall rates derived from
the accumulations of the United States Weather Bureau recording rain
gauges in the area. The distribution functions were then adjusted
by means of a least squares regression line to obtain a zép) -6R(§)
relationship for effective veflectivities im excess of 10° mm “/m
and surface rainfall rates up to 105 mm/hr.’s.The relationship thus
obtained has been compared with other Z-R relationships based upcn
the analysis of drop size distributions and has beecn tested against
independent rain gauge data i the POPSI Project area., The final
approximation resulted in a standard deviation for estimating Z{p)
from R(p) of less than 1.6 dB for the New Jersey rainfall datag-and
appears to be more representative-eh&n—z~=~2003_lnﬁmfor the-actual
relationehip between Z(p) and R(p) for convective storms. >The alti-
tude dependence of the reflectivity from precipitation-connected
phenomena in the New Jersey coastal area has been demonstrated and
discussed to some extent.
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1.0 INTROLUCTION

During the period from 13 February 1966 to 15 Fehruary 1967,
the FCC acé USAF, with the coopz:ation of the U. 3. Coast Guiard,
the FAA, the ¥, S, Weather Bureau, and NASA, coanducted an iavest?-
gation of the siznal power scattered frun precipitscciorn and other
mechanisms ix the common volunes established by the inTvrssctions
of the beams from transmitting swceana opareting in a2 configura-
tiou similating 2 satellite sarth stcttion and receiving catennas
configured in A4 manner Cypical of terreztrial microwave radic-reiay
stations. The iavestigatiin was condusfed at a rzdiatinm wavciength
of 5.21 cencimeters (5.75 GHz} in su 2rea near the New Jarsey Coast
and was designed to cbtaia daia for a statistical treatment of the
scattered interference prcblem. The details of thia P51 (Precipi-
tation and Off Pach Scattered Inzerferenis) Proiect may be Icund is
FCC Research Division Report lo. 2-6%01, dated 15 March 1%88. (1}

Iu the period immediately fcllowing the FCC/USAF project,
several Jdomwestic and international groups were zonyenca for the
purpose of agresing upva tie form and direztion of research prec-
jects vo further the investigation of the off-path prupagatica
pheasmena ard tu derive allecstion criteria which wonld recog-
nize the interZerence potential to terrestrial microwave aud
satellite communication systoem earth stations. However, it was
not untxl midway through fiscal year 1970 that a project was
initiated urdez the managerent of & U, S. interagemcy grcup (2).
Meanwhile, the FCC Resegrch Division decidesd to proceed with a
detailed analysis of the original POPSi Projzct data.

2,0 SEPARATION AND SROUFING OF DATA
B A SN A LN e

Although the originsl objectives of the POPSI Project did
not include the positive identification of the dominanc propagation
mechanism at all times, the raw data records and metecrologicel
data inputs were adeguate to permit a computerized format for the
identification of tha precomirant propagation mode during certain
specific time periods.

Without going into detail, the tools used for propagatiocn
mode identification included:

a, Comparison of the medians of simultaneous S-minute intervals
of the great-circle and off-path signals, and correlation of
the differences with known anterna side-lobe radiation patterns.

b. Chart recordings from the U, S, Waather Bureau rain gaugzs in
the vicinity of the propagation paths,
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C. Vaxticul profiles of humidity, temparature and refrective
ind2x gradieacs ~censtrunted {rom radinsonde 3data taken every
four hours from a locatior near the trausmitter gite aad inter-
mitteptly Ifcom a2 location on the grest-citcle pat;.(gs 4)

d, Time-lapse photographs of the PPI zcope of & WIR 37 westher
rada- located on the great-circle path,(3, & 7, &; 9}

e, Correlation of the shart-term variability (fadicg rate) of
the cff-path signal with that of the great-circle path
sigaa), (10, 15, 54)

For the detailed analyses, the data wore divided into hourly
segrents ahd assigned to one of three groups, according to the
propagaticn made,

1. Precipitation Scattering

2, Guided Propzgation (ground-based and elevated layer
ducting).

(&5
2

{ixe¢ (combination of precipitation scattering and guided
oropagetion}.

Very few é¢iffliculties were enuountered in the identification
and analysis of ~ff-path signal enhancemen*s attributed to precipi-
tation alone, aid tne periods of ground-based ducting were easily
recognized., However, gevere problems in ideutification and analyses
were experienced witn the hiygh sizrel levels asscciated with elevated
temperature inversions or humidity Japses in the zbrence of measur-
able surface precipitation and with the direcrional, partielly-coher-
ent, propagation often asscciated with precipitation from a heavily
stratified tropesphere, (11 52, 56) The analysis of this "mixed mode"
propagetion has been difficult bacause of insufficieat metaorologicsl
input, unfavorcble path geometry, and the lack of an adegurte model.

2.0 COKTEMPORARY THEORY

The scatterlng and attenuation of electrowignetic wavaw by
particles in the atwosphere are complex functions of the purticle
gize, dielectric properties, and the radiation wavelength,(12= 13, 14}
The theoretical treatrwent of the relationships amonyg forwarc-scattered
poser, back-scattered power, radar reflectivity, back-scavtsriay
cross-gection, and rainfall rate, are ueually simplified by beginning
with the Rayleigh approximation for the back-scattering cross-section
of a single spherical particle (ruindrogp, ice particle, hailstone,
etc.) having a diameter, D, 7This creoss-section is

e 2D -1
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vhare K 14 8 Function of the particle refractive index, and A is
the radiation wevelength. Equation {3~1) is generally considered
to be vali¢ wvhen sP/V & 0.2 Ig thiy spacial case, the back-

geatter is prop.rtional te {K| © where
e mz -~ 1
s
a2 (3-2)
i 13 %he soguars root of the complex :lielectric constant, ¢ . and

ix egral te n-jx where n is the phase refractive index and « is the
absovption coefficient £ the particle substance, Although the
experirentaliy-derived values of n and ¥ Lave exhibited gsome d-pen-
dencs upon temparature and wavelength, %he variations in the ceanti-
metric kand apnear to be slighi and {RI® is usually essumed te de
0.93 €or water and 0.176 for ice, '

For M particles per unit velume, the back-scatteving cross-
section per unit volume (reflectisa coefficlent) is

7 = X6 = g2ri? 5 w3 (3-3)

}\.4

If sll tk2 particies are assuwed to he the same size, the quantity
¥nown as tne equivaleut reflectivity, Z, is expressed by

7 = b (3-43

If the narticles are not the ssne slze but Instead have a "drop
size distribution,"”

n
6
Z= 2 NiDi (3“5)
i=1

Iy any event, aquation {(3-3) becomes
ERE N | (3-6)
14

It can be geen from equiticns £3-3), (3-4), and (3-5) that the
particle diameter is, by several orders of magnitude, the most
significant parameter in the determination of Z, and hence the
determination of J{ by the indiract method (conversion of surface
rainfail rate to reflectivity factor, Z, or to reflectior cceffi-
clenc, 5 ).
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Nearly all recent investigetors are agreed that there appears
to be no unique drop-size diatributior for a given rainfall rate
R; therefore, there cen b: no unique relationship between Z snd R,
(7, 18, 19, 20, 21, 22, 23, 24) However, in considering the effect
of precipitation-scatteres interference upon satellite and terres-
trial microwavz communications eystems, the use of empirical rela-
tionships between effective rezdar reflectivities and nearby surface
reinfall rates is especially attractive, inasmuch as the probability
distribution functions of surface rainfall rates are parameters that
can be derived from meteorological records available in a large part
of the world. (2?) Most of rhe relationships between effective reflec-
tivity and surface rainfall azre of thc form

Z = akb

where Z is tne effective reflectivity and R is the surface rainfall
rate, The empirical constants ore a and b, One of the most popular
of the relationships was derived from the application of the Rayleigh
particle scattering thenry to the observed drop size distributions
for warious rainfall rates

Z = 200 R1°6 {3=7)

6 =3
where 2 is in mmm aad K is in mm/hr. The reflection coefficient,
9 , way also be determinzd, more or less, from actusl electromagnetic
wav: propagation measurements by using tlie relationship,

no=_Gm) Pedrde? (3-8)
PeGeGr a2y
where Pr = power at receiver input terminals.
Py = power at transmitter output terminals.
G¢:Gy = transmitting and receiving antenna gains
(over isotropic).

A = radiation wavelength,
d¢ = distance from transmitter site to scatterer.
a, = gaistarce from receiver site to scatterer,
v = common volume,
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Actually, equation (3-8) is a re-arrangement of the bi-gtatic vadar
equation, which is In turn a slight modification (2 distances ‘n-
stead of 1; 2 antenna gains instead of 1; and pulse length instea:

of 1/2 pulse length) of the radas back-scatter eauation. Implicit

in the use of (3-8) for a forward-scatter solution is the assun:rtion
that the scattering is isotropic or -exhibits insignificant enisotxopy.
It is a scalar formula and can be used only to cbtain valuze of u ox

Z if they are also scalar functions.* (26, 27, 28)

4.0 POPSI PROJECT DETAILED ANALYSIS TECHNIQUE

After grouping the data as described in section 2.0 and
eliminating the direct-path signal components, the medians of the
five minute power inputs recorded by the off-path receivers wvere cou-
pled with the system parameters to calculate the effective reflec-
tivities for each common volume configuration by using the equations,
(3-8) and (3-6).

2

n = (4m)3P (d,d)) (3-8)
P.GtC A2V

Z (eff.} = 1409 (3-6)

_* |/ For the prediction of interference to services having high
reliability criteria, the infrequent but extremely high
signal levels exhibiting directional, partially coherent
characteristics should be considered, although the number
of narameters in the explanatory theories is almost prcohi-
bitive. Nearly all of these theories involve vector approaches,
such as geometrical optics approximatiomns or quasi-exact
solutions of the wave equatiors. 1In fact, even the scatter-
ing theory, when larger particles are involved (I2 > 0.2),.
ferces exact solutions of the Mie equations. A ldrge segment
of the POPSI Project data fall in this category iut the
analysis wds considered to be beyond the scope of this report.
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whers the parameters are as previously indicated except that, in
this casge,

dt = distance from transmitter site to center of
common volume

dy = distance from receiver site to ceater of common
volume

v = comeon velume defined by antenna beam half-power i
points and pulse length :

ix{2 = 0,93

Equation (3-7) was then used to normalize the effective reflectivity

to the apparent rainfall rate in mm/hr.**

7z = 200 jL*6 (3-7)

The rainfall rates were derived from the accumulations
recorded by U, 5. W, R. rain gauges at NAFEC, Cape May, Glassboro,
Freehsid, Hightstown, Lumberton, and Marlton, New Jersey. The loca-
tiona of the POPSI Project commor volumes wich respect to the rain
gauges are shown on Figure 1. The MESONET stations in the NAFEC
area ars also identified, although technicel problems dictated
againgt the use of precipitation data from them in the final analy-
sis. (°0) The rain gauge recorder charts were rather difficult to
analyze but could generally be interpreted to within .01 of an inch
for each 15-minute interval. For purposes of analysis,

Precipitation Rate: R(mm/hr.) = 100 A (4-1)

wnere A = hundredths of an inch accumulated during each 15-minute
period beginning on the hour, gquarter-hour, half-hour, etc.

This rate was then assumed tc be constant during the entire 15-minute
period. '

** [Although this was done only for comparison purposes, it is a ’
common_grocedure in calculating rainfall rates from radar re-
turns. (31, 35, 58) However, it may not always be a valid pro-
cedure due to the statistical manner in whichltge Z-R rela-
tionship was obtained. The form of Z = 200 R™°~ implies that
it was the best fit for a regression line of the dependent
variable, log Z upon the independent variable, log R. Although
the variables can be interchanged, the best fit regression
line may not be the same, Futhermore, the greatest deviation
could be expected at the high reflectivity extremes of the
regression lines. (29)
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5.0 CORRELATION OF - WiTH R BY DATA TINE SERIODS

Point-by-point4correlacion;of measured rainfall rares with
those zalculated from the scatteréd electromagnetic field inizo-

duces certain requirements.
tiuve-frame synchronizati a,
Le equated with that of the
averaging. Puthermore, the
locateé with respect to the

(32, 33, 34, 35) 1In addirion to exact
the rairn gauge system aparfure should
common volumme to avoid undesirable
rain gauge field should ke properly
cosmmon volume, None of these reguire-

mente are likely to be met by any significant resecarch program

or as boundary conditions for an allocatioa model, Figure 1 im-
dicates that the PCPSI Project was certainly no exception in thece
respects although the recording rain gauge facilities were as exten-
sive as can reasonably be expected outside of the concentrated,
special-purpose networks being operatec in a few limited areas. (57,36)
Real time ccrrelation cannot be expected between the ground besed
rain gauges and effects in the common volumes, since the geuges are
displaced from the common volumes both horizontally and vertically.
4Although in most areas it can be expected that the statistics of
rai:fall on the ground may be very similiar to those in the common
volume, the rainfall occuring here, =2t varying altitudes during a
scattering event may bear no relation to the rainfall measured at

a gauge on the earth's surfaca, Further, it should be noted that
there are areas of the country whers "dry" thunderstcrms are cormmon,
In this event rain or hail cam be present in the common volume with
a complete absence of precipitation ¢n the ground.

Although the possiblity of acceptable short-term Z-R corre-
lation scemed to be remote because of the ambiguities introduced
by space and time differences between the meteorological and the
electromagnetic data inputs, some effort wes made in this direction.
For beth 15-minute and one hour periods the effective equivalent
reflectivities were calculated from the highest median power of
the five minute samples during the interval, If the rainfesll rates
derived from the maximum accumulations in the rain gsuge system
during the same periods were at least one mm/hr.*, they were paired
with the corresponding reflectivities to obtain the scatter diagrams
nf Figures 2 and 3.

The effective equivalent reflectivities as calculated from
equations (3-6) and (3-8), and the rainfall rates derived from
thz rain gauge accumulationc, were assumed to be related by the
form, (16)

2= aRb

% / The minimum requirement of 1.0 mm/hr. in the rain gauge system,
- regardless of the corresponding reflectivities, resulted in the
removal from consideration of more than half of the data including
13 of the highest effective reflectivities (Z 2 10°).
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where & and b a2re constaunts. 3y the logarithmic transformation
the fosrn becomzs linear with log 2 as the dependent variable, and
l2g R as the independent variable. Since a number of proposals
have peen advanced fcr predicting "2" values from "R" values mea-
surad at the surfwce, the least sgquarss regression lines of log 2
upon log R for the scatter diagrams 2re of interest, These have
beer calculated and are shown on the diagrams &long with the loci
of other empirical relationships of the szme form. If the relation-
ship between "Z" and "R" were nenrly linear or if the data points
were evenly distributed across the interval of consideration, the
least squares regression lines of Figures 2 and 3 might be useful
for rough prediction on a point-by-point basis. However, the re-
lationship, instead of being linear, is in the form of a geometric
curve with the bulk of the pcints at the lower reflectivity values
which are of little iunterest and where the bivariate distribution
Is truncated with respect to raiufall rates. Thir res:its in a
least squares yegression 1ine which is heavily biasea *y dita cf
no real importance, It is interesting to note that the hourly
dats shows significaatly better corvelation thea the 15-minute
jata. This was experted hecause of the averaging involved., Data
for periods longer than one hour would probably be better correlzted
and the correlation of instantaneous Z/R data would probabiy be
almost nil. R

Hourly Data

Least squares fit: Z = 431.9 R'563
Coefficient of correlation: . 34086
Standard error of estimate: 6.5 dB

{(Maximum Z from maximum R):

Standard error of estimate: 8.2 dB

(Using Z = 200 RL-9)

Standard error of estimate: 10.5 dB

(Using z = 127.7 RZ.26)

15-minute Data

Least squares fit: Z =431,2 R'297
Coefficient of correlation: . 17714
Standard error of estimate: 7.2 4%
Standard error of estimate: 9.8 dB

(Using Z = 200 R '6)

Standard error cf estimate: 12.3 dB

(Using Z = 127.7 R2.26)
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The futility of point-by-point correlaticn of reflectivities with
nearby surface rainfall rates is emphasized by Pigure 4, a scatter
diagram of the data for October. The refractive index profiles
for this period indicated very little low-level atmospheric strati-
fication and the surface rainfall rates appeared to be uniform
over a large area, Theoretically, this period should promise the
pest Z-R correlation for leavy rainfall rates. Actually however,
the ceorelation was quite poor with reflectivities generally lower
than would be expected from the corresponding surface rainfall rates.
This may have been caused by common volumes which were &bove the
0°c. altitude levai and ~onfined to &n area that was quite small
compared to the rain zauge system aperture.

6.0 7 - R RELATTONSHIP BY CORRFLATION OF PROBABILITY DISTRIBUTIONS

Since it has been implicitly tssumed that Z and R are related,
their probability deneity functions must alsc be related if they
have Leen determined from data extending over the same time frames
and confined to the same synoptic weather prediction area. This
appears to be the best approach to the problem of Z-R correla-
tion, since the effects of the real time and space differences be-
tween the meteorological and the electromagnetic data inputs are
minimized.

_Precipitation rates derived from the 15-minute accumulations
of rain gauges in the U, S, W. B. system were usec to generate a
cumulative probability distribution. The data from all cf the
gauges were grouped together for periods during which the transmitter
and at least one off-path receiver were in operation. This distribu-
tion involved over 87,000 15-minute samples extending from February
through October. anc¢ includes derived surface rainfall rates up to
105 mm/hr. . This probability distribution is specifically indicated
on Figure 5 and is represented by a smooth curve on Figure 6. The
effective reflectivities were calculated in accordance with section
4,0 and used to generate probability distributions by common volume
groups as indicated in Table 1. These prcbability distributions
are shown in Pigures 5 and 6. In these Figures the ordinate values
for Z have been normaliaeg to the rainfall rate, R, by using the
relationship, 2 = 200 R**°, 1In the interval, 40 £ R £ 100 (mm/hr.),
the distribution function for the 15-minute rainfall rates compares
quite favorably with what a recent investigator derived for the
instantaneous rates in dense rain gauge systems in the same area (36).

Upon examination cf Figures 5 #nd 6 it is apparent that the
relationship between the distribution function of the effective
reflectivities and that of the surface rainfall rates is somewhat
dependent upon the common volume altitude. This dependente is
not significant at rainfall rates of less than 10 mm/hr. or with

b e b - . i
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common volumes belcw an aititude of two kilometers. These same

boundary conditions might be ctmsidered to be descriptive of ths

~=idespread nniform precipitation assoctisted with fruntal or oro-

graphic 1ifting and common tc temperate climates in early spring

and late fall. For this ©ype of precipitation,  the relationship

betweea Z and R or, more specifically, the zelationship between

Z(p) and R(p) can be approzimated by the expreasion: T = 290 r1-5,

There ie also evidence that, for a climate simi?ar to that of the -
New Jjersey ccasi, the elimination of common volumes in the 2 to

S-kilometer altitude bracket would extend the usefulness of the

z = 200 3l.° approximation to sowmewhat higher rainfall rates. -

@ acn

7.0  ALTITUDE DEFENDENCE UF THE EFFECTIVE REFLECTIVITY OF SEVERE
CORVECTIVE STORMS,

| The altitude dependence of the effective -—eflectivity of
E severe convective storms has been well documented ia the litera-
ture. (8, 37, 38,39), Several of thes2 storms psssed through the
propagation path =zrea during the period of the POPSI Project but
oniy one of them his beeun analyzed in detail. This storm 3ccurrcd
on 28 June 1966 and, although not accompanied by extremely heavy
surface rainfall resulted in effective reflectivities in the ovder
of 10 mn 6n=3. The altitude intervals and magnitudes of the
reflectivities noted in connection with this storm are shown in
Figures 7, 8, and 9. Because the common volume samples were selected
at random rather than as a result of probing the storm fcr reflectivity,
the actual maximum reflectivities existing in the cells may have
been somewhat higher than indicated. During this storm the fading
rate (Figure 10), the refractive index profiles (Figures 11, 12, «nd
13) and the photographs of the PPI scope of the WSR 57 radar at
NAFEC (Figures 14, 15, and 16) clearly indicate precipitation sca:-
i tering as the mode of propagation. From the time the front enterdd
the U.S.W.B, rain gauge system at 1100 hours until its departure
at 2100 hours, the maximum rainfall rate derived from any of the
rain gauge samples was 60 mm/hr. and from the entire network of
seven gauges there were only seven 15-minute samples that indicated
surface rainfall rates in excess of 20 mm/hr. The high reflectivites
which persisted for some time were probably due to hail aloft,
although very little of it reached the ground. The "fingered"”
appeerance of the storm cells on the PPI scope photographs and the
X extremely high "radar tops" as noted by the NAFEC weazther radar
operator (over 17 kilometers) indicated the presence of large hail-
stones in this storm. (49, 41, 42, 43, 44, 45§ .

Since the convective storms are the principal contributors ' s
to the high reflectivity portion of the probability distribution
function for precipitation scattzring, and exhibit the greatest
disparity between reflectivity aloft and nearby surface rainfall
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rates, they muct be taken into account in the coansideration of
possible interference to high-reliability services. It is possible
that the effect cf thrse storms can be accomodated by a suitable
modification of an empirical Z-R relationship or by "blocking" the
troublesome altituda interval to common volumes for allocation
purposes or by introducing sowe other zltitude-discriminant meteo-
rological parsmeter such as the "melting level" or 0°C. isotherm.
The somewhst complicated chart¢ exhibited in Figure 17 represents an
attempt in this direction.

8.0 MODIFICATION OF THE Z-R RELATIONSHIP TO ACCOMODATE THE HIGH
REFLECTIVITIES OF CONVECTIVE STORMS.

As previously pointed out, the elimination of common volumes
in the two to five kilometer altitude interval in the New Jersey area
would extend the usefulness of the Z = 200 R1-6 approximation to
the point where an acceptable level of precipitation scattered
interference could be predicted from the surface rainfall rate
probability distributions. However, when the interference proba-
bility prediction was ¢xtended to p £ .0005, without regard to
common volume altitude, the application of the Z = 200 R -6 approxi-
mation resulted in estimates of Z from R(p) approximately 10 dB
below those ipdicated by the New Jerszy measurements.

By adjusting the rainfall rate distribution function to fit
the measured Z distribution function at points of equal probability
it was possible to arrive at a Z(p} ~ R(p) relationship which more
nearly describes that of the New Jersey date. This adjustment was
accomplished by the least squares fit of the regression line

log Z(q) = log a + b log R(q) , ¢-1
where q = p(R) for 1.0 € R £ 105 x;m/hr,
The relationship obtained im this manner was

Z(p) = 127.7 R(p)2.26 (8-2)

and 18 shown_ip Figure 18 along with the regression line representad
by Z = 200 R -6 and some recent Z-R relationships from the dense
I1linois rainfall survey system. 6) The trend of the Z values in
the neighborhood of 109 indicates that even this new relationship
would probably result in the underestimation of Z (effective) for

the high muisture content zones of severe convective storms. However,
this approximation, when applied to the New .Jersey data, results in

a standard deviatior for Z(p) of less tgan 1.6 dB and appears to be
more represeatative than is Z = ZOO_RI‘ for the actual relationship
between Z(p) and R(p) for convective storms,
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9.0 THE EFFECT OF RAINFALL INTEGRATION INTERVAL UPON THE PROBABILITY
DISTRIBUTION FUNCTIC..

Becauge the relationship Z(p) = 127.7 R(p)z'26 was derived by
considering 15-minute rainfall accumulations rdther then the hourly
accumulations normally available in most areas, there arises a prob-
lem in connection with the application of that relationship or anmy
such relationship in a practical allocations plan. (47, 48, 49, 59)

There appears to be an additional requirement for

(1) A statistical link between the probability distribution
functions for various integration periods, or

(2) A showing that the difference in probability distributior
functions is imsignificant within the limits of the
extrapolatica of the data.

Basically, the detarmination of a rainfall rate from the accumulation
for any given period amounts to obtaining the mean or average value
of the instantaneous rainfall in a sample size corresponding to the
length cof the period. The distribution of rainfall rates computed

in this manner is actually the sampling distribution of the means

(or averages). Since the population is infinite for all practical
purposes and the number of samples is large, the sampling distribu-

- tion of the means must be approximately norwal regardless of the

size of the samples (length of the accumulation period) and the dis-
tribution of the population (instantaieous rainfall rates) itself.*
Since one has almoat no chance of determining the instantaneous
rainfall rates either directly or by the manipulation of rainfall
accumiiations, and is almost certain to encounter difficulties in
determining the distribution function for the high rainfall rates
which occur in very short time intervals in temperate climates, one
is forced to the alternative (2), above.

To evaluate the effect of sampling interval differences upon
the rainfall distzibution function, a cumulative probability dis-
tribution of the hourly accumulations of the U, 8, W. B. rain gauges
at Cape May, Freehold, Glassboro, Hightstown, Lumberton, Mariton,
and NAYEC was generated for the same time periods covered by the
protability distribution derived from the 15-minute accumulations.
Au adjustment of this distribution function at points of equal
probability by a least squares fit of the regression line (8-1)
for p{R) 1.0< R < Max. mm/hr, resulted in the relationship:

2(p) = 99.4 R(p) 2+7° (9-1)

_* / Special case of central limit theorem of probability theory.
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The spplication of the approximation developed from the
15-minute rain gauge data Z(p) = 127.7 R(p)2'26 tc the dis~
tributior function of the hourly data increases the standard
deviatici. for Z{p) from 1.57 to 2,38 dB for the New Jersey deta.
Based upcen thisz uriterion aloune, vne might be persuaded to use the
approxisution resulting from the least aquares it of the regression
line of the hourly rein gauges dats Iin spite of the fact that the
distribution coatains only one guarcer the number of samples found
in the distributica for the shorter time perioc and the waximum rain-
fall rate is reduced from syer 100 mm/hr. to spproximately 40 mm/hr.
Manipulation of the time increments of the rainfall accumulsations
of the seven U, S, W. B, rain gauges used in the POPSI Project does
not represent an unbiased test of either the relationship of (8-2)
or that of (9-1). A more significant test vas made by considering
the probability distributions for the hourly precipitatioa accumula-
tions obtained from the Local Climatological Data for the U. S. W. B,
stations at Atlantic City, FPhiladelphia, Newark, and Trenton, during
the period covered by the POPST data. These precipitation data are
in the form veadily available in mest zreas. In Figure 19 the proba-
bility distributions of the hourly rain gauge accumulations are com-
pared with those derived from the 15-minute accumulations. The least
squares fit regression lincs of log Z(p) upon log R{p) are shown in
Figure 20 and summarized in Table II which indicates the 'goodness
of fit" of each relaticaship tio the data from which it was derived.
Table III summarizes the results of testing the various Z(p) - R(p)
approximations on rain gauge data other than that frem which each
relationship was derived. Although the differences in the standard
errors of estimate of each approximation are not really significant
the teat on independent data indicates that the Z(p) = 127.7 R(p)z'26
approximation is the best within the limits of the extrapolation of
the New Jersey data.

10,  CONMCLUSION

The detailed analyses of the POPSI Project precipitation
data have resulted in a useable Z-R relationship based upon
measurements of the scattered elec%momagnetic field. By using
the relationship Z(p) = 127.7 R(p) ’26, in cunjunction with the
probabillcy distribution of high surface rainfall rates, the
probability of exceeding a critical effective radar reflectivity
in a given common volume can be calculated.

The problems of the altitude variability of the effective
reflectivities, discrete scattering volumz definition and identi-
fication of the exact nature of the scatterers dictate against the
eirtrapolation of low rainfall rate Z-R relationships to the high
rates which are pertinent to the calculation of possible interference
due to precipitation scattering.
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Common Volume Groups

TX Ant. RX Ant.

Site Az, Elev, Az. Alt. of CV
WW 6 5 3 3.4-5.3
" 6 6 3 4,2-5.4
" 9 3 6 3.2-5.1
" 12 4 6 3.6-5.6
o 12 6 3 3.5-5.4
" 18 8 3 3.0-4.9
" 18 10 3 4.1-5.1
NAF 12 10 2 3.0-5.1
" 12 12 3 3.4-5.3
" 12 14 3 3.9-5.4
" 12 16 3 4.5-5.5
" 18 14 3 3.1-5.3
" 18 i6 3 3.4-5.6
WW 9 4 6 4.2-6.1
" s 3 6 5.1-6.6
% 12 5 € 4.3-6.4
" 12 6 6 5.2-7.9
" 12 7 6 6.1-7.4
" 12 8 3 4.2-6.9
" 12 10 3 &.7-7.9
" 18 12 3 4.5-7.4
" 18 14 3 5.0-8.2
" 12 12 3 5.4-8.4
a 12 14 3 6.1-8.7
" 12 16 3 6.8-8.8
" 18 16 3 5.4-8.8
" 18 18 3 5.9-9.2
" 18 20 3 6.4-9.4
NAF 18 18 3 3.7-5.8
" 18 20 3 4.1-5.9

Total number of common volume samples:

Number of active sawples
(Sigral adequate for determination
of a median effective reflectivity)

Number of samples discarded due
to indications of mixed mode or
guided propagation.

Highest precipitation Z(eff.) 8 2,13 x

Highest discarded Z(eff.)

Period Group
2/16-5/13 v
[ 1] " IV
6/7-8/16 E
" " E
8/15-10/24 X
LU " X
8/19-10/24 X
1" 1] X
" [ 1] x
[ 1] " x
11} " X
" " x
" " x
6/7-8/16 F
1) " F
[13 1] F
" (1} F
" " F
8/19-10/24 Y
[1] " Y
1 (] Y'
" [1] Y
" " Z
" " Z
[ 1] 11] Z
11 L} VA
] []] z
" 1" z
(1] [1] Y
" [ 1] Y
15,160
2214
1241
108 mm 6 m i
6 -3

1.01 x 10/ m ° m
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