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A TECHNIQUE FOR ESTIMATING CLOCK TWO—HOURLY PRECIPITATION RATE DISTRIBUTIONS

INTRODUCTION

Precipitation (particularly rainfall) is one of the most significant attenuators
of microwave transmissions. This statement is especially true in the lowe r fre-
quencies (1—20 GHz) which are routinely used for communications. Many investi ga-
tors, such as Busey (1950), Medhurst (1965), Setzer (1970), Chu and Hogg (1968), and
Benoit (~.968), have studied this problem and published estimates of rainfall attenu-
ation. Most of this research has dealt with attenuation over relatively short
paths , less than 20 km.

Althoug h many communication links consist of relatively short paths , there are
also many applications where signals must be transmitted over long paths (50 to
100 km) through rain. Air—to—air , or air—to—ground transmissions over these
distances are quite common. This paper presents a technique for estimating rainfall
distributions over long path lengths.

BACKGROUND

Bussey (1950) published an interesting article that described a method for
estimating mean rainfall rate distributions along lines of varying lengths. Using
maps of half—hourly rainfall depths from a synchronized network of rain gauges near
Mt. Vernon, Ohio , Bussey hypothesized that the mean clock—hourly rainfall rate
distribution * is similar to the mean instantaneous rainfall rate distribution along
a 50—km line. He further hypothesized that the mean one—minute rate distribution
and the mean clock two—hourly rate distribution would be similar to the mean
instantaneous rainfall rate distributions over 1—km and 100—km paths. Bussey did
not have sufficient data to prove the universality of his time—space transform , but
he did present an argument on the dynamics of storm cell movements that made his
ideas seem very plausible.

Throughout the 1960’s most of the work in precipitation research involved
measurements of point distributions over varying time intervals; for example,
Cole et al., (1965) and Briggs (1968). Some researchers , such as Briggs and
Harker (1969), Lenhardt (1974), and Winner (1968), suggested ways of deriving
synthetic instantaneous distributions (one—minute distributions) from clock—hour
distributions.

Measurements of rainfall amounts along lines or within areas began in the late
1960’s. Researchers at the Bell Telephone Laboratories (Semplak and Keller, 1969;
Freeny and Semplac , 1969) working with data from a network near Holmdel, New Jersey
were one the first groups to make this type of measurements. Other networks were
set up in England , Italy (Fed i , 1972), Germany (Brever , 1973), and other locations
in the United States. The Illinois State Water Survey conducted several rainfall
rate studies with data from a rain gauge array in central Illinois, near Urbana.
Sims and Jones (1977), using data from this network, have published estimates of the
mean instantaneous rainfall rate distribution along lines as long as 62.2 km.
Interestingly, no researcher has tried to experimentally verify Bussey ’s transform
from the clock two—hourly rainfall rate distribution at a point to the mean
instantaneous distribution along a 100—km line , Jones (1977).

* A clock—hour rainfall rate is the amount of rain that faA ls in a clock—hour
divided by 1 hour.
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METHOD

One method of estimating the rainfall attenuation over long paths utilizes the
clock—hourly rainfall rate distribution. The National Weather Service routinely
records rainfall amounts over a one—hour period at many locations and these data are
stored on magnetic tape at the National Meteorological Climatic Center (and USAFETAC
OL—A) at Asheville, North Carolina . Table 1 illustrates two annual clock—hour rate
distributions , in cumulative form, for Washington , DC and Key West , Florida. These
data may also be summarized over a clock two—hour period resulting in a mean annual
clock two—hourly distribution for a point (see Table 2). A comparison of Tables 1
and 2 reveals some interesting relationshi ps. As expected , hi gh rainfall rates
occur more often at Key West , Florida than at Washington , DC. Also note that for
each station the distributions cross over at approximately 2.5 mm/hr . The clock—
hourly distribution has more hours of hig h rainfall rates than the clock two—hourly
distribution , and the clock two—hourly distribution has more hours of low rainfall
rates than the clock—hourly distribution. This “cross over ” is consistent with the
relationships found between the clock—hourly distributions and the one—minute
distributions.

Table 1. Cumulative Mean Annual Clock—Hourly Distribution of the
Numbe r of Hours a Specified Rainfall Rate is Equaled or Exceeded.

Rate Washington , DC Key West, FL
(mm/hr) (No. of Hrs) (No. of Hrs)

0.13 650.0
0.25 570.0 335.0
1.3 230.0 160.0
2.5 105.0 110.0
7.6 22.0 40.0
12.7 8.0 19.0
17.8 3.6 10.0
25.4 1.4 5.0
50.8 0.09 0.48

Table 2. Cumulative Mean Annual Clock Two—Hourly Distribution of the
Number of Hours a Specified Rainfall Rate is Equaled or Exceeded .

Rate b~ashington, DC Key West , FL
(mm/br) (No. of Hrs) (No. of Hrs)

0.13 740.0 506.0
0.25 620.0 401.0
1.3 240.0 195.0
2.5 105.0 120.0
7.6 20.0 35.0

12.7 5.0 13.2
17.8 1.8 6.0
25.4 0.47 .2.0
50.8 0.02

After examining Tables 1 and 2 one might suspect that an analytical function
might exist to convert the clock—hourly distribution to the clock two—hourly distri-
bution , or vice versa.

Winner (1968) proposed a similar idea for converting the clock—hourl y distribu-
tion into a one—minute distribution for locations in the midlat itudes. He suggested
a graphical technique to do the conversion. Winner ’s model was based upon data from
one location (Washington , DC) and he described the reliability of his graph as
“questionable. ”

Reliability aside for the moment , Winner ’s graph can be approximated with an

2 
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exponential curve fit

y = aebx , ~ >0

where

y = multipli ca tion facto r to convert the number of hours of a
clor k— h ou rl y rate distribution t.o ttIe number of hours of d

one—minut e rate distribution.

x = rainfall rate (mm/br)

a, b = coeffici cnt s

The results of this analysis , and a sim~ 1ar t y t  for M iam i , Florid a a appear
in Tanle 3. The data were also fitted to a poi-~er ~aw functi’: n

y = ax b , x ‘U (2)

and these results app~ ar to Tab le 3.

Based UDun t h e  “aocd I i ts ” or the exr~cnen t ia1 func t ion a ~f ± — ~~~1;ore l~~s t  was
used to chec k the fit reliability), it seerre roq 1c~~] to ~u .pD:e ~. t.:t t r e  m , r r t o r
image of this func t i~~~, an expone ntial function with a neqa~~i’.’e exp .n. r t

y = ae bx , x o (3\

could be used to estr m ~ te ti le ‘eon clock two—hourl y d ic trihutior fr~ :T. the clock—
hour ly  d i s t r ib~ tion . Da ta for ~ashin ytl rn , ~C and F - y West, Florid a (‘labies i and
were used to test this hypothesis. The results appear in ‘lable 4. Once og~~in th~
correla tion coefficients were hi gh for both stations and tho inverse cxp onentia l ft t
left very li ttle unexplained vari ation. A Chi—Sau are Test re’~ealed a r. ’tl - le data
fi t at the 98 percent confidence level.

Table 3. Conversion of a Cloc k— Hourly Ra infall Rate
Distrib ution to a One—Minute Rainfall Rate Dis t ribition .

W ashington , DC M iami , FL

y = 0.81 x 0.~i4 y = 0.229 x 0.6.3
Corr Coeff = 0.868 Corr Coeff = . ‘.1
y = 0.83e l~.O6OX y = 0.39e0~

059
~

Corr Coeff = 0.997 Corr Coeff —

x = Rainfall rate (nrm /hr).
y = Multiplication tactor used to convert t?~ njrr~~~L ri

hours of the clock—hourly dis tribution to t~~c numbe r
of hours of the one—minu te distribution.

Table 4. Conversion of a Clock—Hou~~ly Rainfall Rate Dis-
tribution to a Clock Two—Hourl y Rainfall Fate Distribution.

Washington , DC 
~~.!t,

FL

y = 1.07e—O.036x y = l.29e 0.048X
Corr Coeff = 0.980 Corr Coeft = 0.991

x = Rainfall rate (mm/br).
y = Multiplication factor used to convert the number of

hours of the clock—hourly distribution to the numbe r
of hours of the clock two—hourly distribution.
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Based upon these preliminary results , the hypothesis was formulated that a nega-
tive exponential relationship b~tween the clock—hourly and clock two—hourly distri-
butions was val id for other locations. In an attempt to v e r i f y this hypothesis , 14
s t a t ions  t h r o u g hout the United S t a t e s  were selected as a test. These stations were
not selected at random ; each was chosen because it represented a d i f f e r e n t  c l i m a t i c

regime . The annual clock—hourly and clock two—hourly rainfall rate distributions
were  summarized and the p r o c e d u r e  described above was used to fit the data. The
results are summarized in Tab le 5.

Tab le 5. Comparison of the Sample Annual Clock Two-Hour P rec ip i ta t ion  Rate
Distr ibut ion w i t h  the Es t imated  Annual Clock Two—Hour t~a t e  D is t r ibut ion.

Rate (x = mur/hr) Sam~1e y Estimated
(Equal to or Clock 2-Hour Clock Hours Multiplier Rate (x) Estimated y Clock 2-Hour
Greater Than) (No. of firs) (No . of Hrs) (y) (nuv’} rr) Multiplier (y) (No. of Hours)

1) Location: New Orleans , u’~ y = aebx 
—0 04 6 Corr coeff = 0.999

y l.34e X Chi Square = 1.02

50.8 0.1 0.8 0.13 50.8 0.13 0.10
25.4 2.2 5.7 0.39 25.4 0.41 2.36
12.7 18.7 25.0 0.75 12.7 0.75 18.63
6.35 64.8 61.7 1.05 6.35 1.00 61.70
3.175 138.2 120.0 1.15 3.175 1.16 139.09
1.727 224.5 175.0 1.28 1.727 1.24 216.93
0.635 376.1 300.0 1.25 0.635 1.30 391.20

2) Location: Anchorage , AK y = aebx 
—o 166 Corr coeff = 0.954

y = 0.96e X Chi Square = 0.59

50.8
25.4
12.7
6.35 0.1
3.175 3.0 5.5 0.55 3.175 0.57 3.13
1.727 29,5 38.0 0.78 1.727 0.72 27.47
0.635 190.1 230.0 0.83 0.635 0.87 199.36

3) Location: Nashville, Th y = aebx 
—

~~ 051 
Corr coeff = 0.991

y = 1.20e x Chi Square = 1.89

50.8 0.10
25.4 0.55 1.60 0.34 25.4 0.32 0.51
12.7 5.45 9.70 0.56 12.7 0.62 6.03
6.35 34.05 41.1 0.83 6.35 0.86 35.52
3.175 111.8 109.0 1.15 3.175 1.02 111.07
1.727 230.1 195.0 1.18 1.727 1.10 214.20
0.635 431.5 370.0 1.17 0.635 1.16 430.14

4) Location: Seattle, WA y = aebx 
—l 26x Corr coeff = 0.988

y l.20e Chi Square = 0.51

50.8
25 • 4
12.7 0.2
6.35 0.85 1.6 0.53 6.35 0.54 0.86
3.175 25.4 30.0 0.85 3.175 0.80 24.07
1.727 132.6 145.0 0.91 1.727 0.96 139.61
0.635 448.1 400.0 1.12 0.635 1.10 441.93

4
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Table 5. Comparison of the Sample Annual Clock Two-Hour Precipita-
tion Rate Distribution with the Estimated Annual Clock Two—Hour Rate
Distribution. (Con t ’ d)

Rate (x = nis/hr ) Sample y Estimated
(Equal to or Clock 2—Hour Clock Hours Multiplier Rate (x) Estimated y Clock 2—Hour

Greater Than) (No. of Hrs) (No. of Hrs) (y) (rwn,4ir) Multiplier (y) (No. of Hours)

5) Location: Watertown, NY y = aebx Q~rr coeff = 0.956
y = l.l1e~~O4OX Chi Square 0.66

50.8 0.04
25.4 0.11 0.3 (3.37 25~4 0.40 0.12
12.7 1.65 2.7 0.83 12.7 0.67 1.80
6.35 9.10 11.7 0.78 6.35 0.86 10.09
3.175 40.7 44.0 0.93 3.175 0.98 43.13
1.727 118.5 110.0 1.08 1.727 1.04 114.29
0.635 348.6 330.0 1.06 0.635 1.09 358.29

6) Location: Albuquerque, NM y = aebX Corr coeff = 0.518
y = 0.90e 0.023X Chi Square = 6.87

50.8
25.4 0.07 0.1 0.70 25.4 0.50 0.05
12.7 0.25 0.7 0.36 12.7 0.67 0.47
6.35 2.5 3.9 0.64 6.35 0.78 3.03
3.175 10.5 12.5 0.84 3.175 0.84 10.45
1.727 31.5 29.0 1.09 1.727 0.86 25.07
0.635 87.8 78.0 1.13 0.635 0.89 69.17

7) Location: Las Vegas, NV y = aebx Corr coeff = 0.920
y = 0.937e 0.66X Chi Souare = 3.27

50.8
25.4 0.04 0.2 0.20 25.4 0.18 0.u4
1 . 7  0.23 0.6 0.38 12.7 0.41 0.24

.35 0.80 2.0 0.40 6.35 0.62 1.23
~.l75 3.75 5.6 0.67 3.175 0.76 4.26
1.727 15.30 13.7 1.12 1.727 0.84 11.46
0.635 44.95 41.0 1.10 0.635 0.90 36.87

8) Location: t~s Moines, IA y = aebx Corr coeff = 0.991
y = 1.20e—O.O53x Chi Square = 3.63

50.8
25.4 0.37 1.2 0.31 25.4 0.31 0.37
12.7 4.0 7.0 0.57 12.7 0.61
6.35 18.6 20.5 0.91 6.35 0.85 17.46
3.175 60.1 56.0 1.07 3.175 1.01 56.51
1.727 129.8 115.0 1.13 1.727 1.09 125.39
0.635 280.7 270.0 1.04 0.635 1.16 312.10

9) Location: Focatello, ID y = aebx Corr coeff = 0.95
y = l.57e 0.l78X Chi Square = 4.89

50.8
25.4
12.7
6.35 0.48 1.00 0.48 6.35 0.51 0.51
3.175 6.26 6.75 0.93 3.175 0.89 6.02
1.727 31.7 23.0 1.38 1.727 1.16 26.59
0.635 143.0 120.0 1.19 0.635 1.41 168.63

5 
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‘l’ahl e 5. ~~mpa r ioon of the i~aople Annual Clock Two—Hour Precipita-
tion Rate Di st riic tion with the Estimated Annual Clock Two—Hour Rate
Ditr tr ibutio n . Corr t ‘d)

Rate (x = nun/br) Sample y Estimated
(Equal to or Clock 2-Hour Clock Hours Multiplier Rate (x ) Estimated y Clock 2—Hour

Greater
__

Than) (No. of Hrs) (No. of nrc 
~~jy~~~

_ (xra~/1ir) Multiplier (y) (No. of Hours)

10) Location: Denver , CO y = aet
~ Corr coeff = 0.961

y = 1.19e 0M82( Chi Square = 4.65

50.8
25.4 0.035 0.3 0.12 25.4 0.15 0.04
12.7 1.1 1.8 0.61 12.7 0.42 0.75
6.35 5.0 6.2 0.81 6.35 0.70 4.36
3.175 20.1 24.5 0.82 3.175 0.91 22.38
1.727 60.3 62.0 0.97 1.727 1.03 63.80
(.r.635 179.5 185.0 0.97 0.635 1.13 208.26

11) Location: Los Anoeles, CA y = aebc Corr coeff = 0.946
y = l.03e 0.070X Chi Sauare = 0.67

50.8
25.4 0.1
12.7 0.51 1.1 0.46 12.7 0.42 0.47
6.35 5.7 10.6 0.54 6.35 0.66 6.98
3.175 21.8 26.4 0.83 3.175 0.82 21.70
1.727 49.2 49.5 0.99 1.727 0.91 45.0
0.635 102.1 102.0 1.0 0.635 0.98 100.07

12) Location: Fresno, CA y = aebx Corr coeff = 0.837
y = 0.88e 94’~ Chi Square = 4.65

50.8
25.4
12.7 0.04 0.1 0.400 12.7 0.33 0.03
6.35 1.1 2.9 0.38 6.35 0.54 1.57
3.175 12.4 20.9 0.59 3.175 0.69 14.41
1.727 47.6 52.0 0.92 1.727 0.77 40.05
0.635 126.3 130.0 0.97 0.635 0.84 108.85

13) Location: San Francisco, CA y = aebx Corr coeff = 0.982
y = 1.28e 2.67X Chi Square = 3.93

50.8
25.4
12.7 0.18 0.5 0.36 12.7 0.34 0.17
6.35 5.05 8.6 0.59 6.35 0.66 5.65
3.175 34.8 40.0 0.87 3.175 0.92 36.72
1.727 92.9 90.0 1.03 1.727 1.07 96.21
0.635 214.5 157.0 1.37 0.635 1.20 188.28

14) Location: Boston , MA y = aebx Corr coeff = 0.996
y = l.07e 0.OBS X Chi Square = 2.17

50.8
25.4 0.18 1.5 0.12 25.4 0.12 0.19
12.7 2.40 6.0 0.40 12.7 0.36 2.18
6.35 18.45 31.7 0.58 6.35 0.62 19.77
3.175 87.5 113.0 0.77 p.175 0.82 92.35
1.727 216.6 215.0 1.01 1.727 0.92 198.74
0.635 466.9 470.0 0.99 0.635 1.01 476.77

6
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Wi th the exception of Aibuquerque , New M e x i c o , a l l  s t a t i o n s  showed h i gh cor-
relations (coefficien ts greater than +0.75). The Albuquer 9ue data showed an un-
usually low number of hours for the 25.4 mm/hr category in the clock-hour sample.
This resul ted in an anomalousl y hi gh sample y mul tipl i er and a poor fit. The sample
distribu tions were not taken from simultaneous periods. The clock—hourl y dis tribu-
tion came from a 10—year period of record while the clock two—hourly distributions
came from periods of varying leng ths , some as long as 28 years (see Table 6).
A l though  s a m p l i n g  from d ifferent periods of time is not normally a problem when one
samples climatological distributions, i t can cause problems when comparing the
extremes of the distributions. The Ch i—Square Test was again used to check the data
fit. The fit for all locations was satisfactory at the 98% confidence level. The
variabili ty of the relationshi p is obvious when one e xamines the coefficients of the
negative exponential function. No two locations have the same coefficients. Tbis
is to be expected since no two locations have exactly the same rainfall rate
distributions.

Table 6. Period of Record (POR) and Ratio of the Explained
Var iation to the Total Var ia t ion .

Sample POR
Explained

Clock Clock Var iat ion/
Hour 2—Hour Total

Stat ion (y r )  (y r )  Var ia t ion

Ne w Or lean s , LA 10 22 .0  l .OC
Anchorage , AK 10 11.9 0 .91
Nashville , TN 10 2 7 . 3  0 .98
Seatt le, WA 10 14.2 0 .9 E
Watertown , NY 10 27.7 0.91
Albuquerque, NM 10 28 .3  0 .27
Las Vegas , NV 10 26 .8  0 .85
Des Moines, IA 10 27 .4  0 .98
Pocatello , ID 10 27 .5  0 .90
Denve r , CO 10 27 .4  0 .93
Los Angeles , CA 10 27 .5  0 .89
Fresno, CA 10 27.5 0.70
San Francisco , CA 10 27 .5  0 .96
Boston , MA 10 27.7 0.99

A P P L I C A T I O N S

One application of the inverse exponential conversion of a clock—hourly distri-
bution to a clock two—hourly distribution is apparent. Since clock—hourly data is
readily available, clock two—hourly rate distributions can be computed for other
s t a t i o n s  by using the appropriate model relationship. It may not be best to select
the geographically closest model stat ion (Table 5) because rainfal l  rate distribu-
tions are not as homogeneous as other meteorological parameters. A comparison of
the clock—hourly distributions for both stations may be a better method of deciding
upon the best conversion equation to use.

Perhaps the most practical application of a point rainfall distribution , as
Bussey (1950) suggested , lies in translating it into an instantaneous rainfall rate
distribution along a line .

The next logical question is “How long a line?” Recall that Bussey (1950)
believed that a clock two—hourly distribution at a point could be used to infer the
instantaneous distribution along a 100—km line . Ideally, simultaneous rate distri-
butions along a 100—km line and clock two—hourly data at the line m i d p o i n t  would be
required to ver i fy  this idea. Unfortunately, this type of data is not available,
Jones (1977)

7 

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



- -  - •• ~~~~~~ - ~~- . - -

USAFETAC—TN—78—00 2 May 1978

Sims and Jones (1973) have published mean rate data along lines of 23.9 km and
62.2 km near Urbana, Illinois (Figure 1). The data were recorded over a 125—day
period from 1 April to 6 August 1970. This period is the rainy season in Illinois.
Note that plots in Figure 1 are uncondition al and they are consistent with s im ilar
measuremen ts over shorter paths for other locations (Dyers and Brahar r , 1949; Freon ,
and Gabbe , 1969). As with the cumulative point distributions that rotate clockwi ce
as the time interval decreases, the cumulative line rate distributions a lso  rotate
clockwise as the line interval decreases.
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Figure 1. Ftean Instantaneous Rainfal l Rate Distributions Over Lines of
D i f f e r e n t L e n g t h s  a t  U r b a n a , Illinois (Spring and Summer).

If one assumes that the difference between the two Illinois lines can be inter—

~colated at a constant rate of change, one can develop syn thetic cumulative distribu-
tions for various path lengths. This logic was used to estimate a cumulative rate
distribu tion for a 100—km line, (Fi gure 1). Fi gure 2 compares the synthetic 100—km
line wi th the clock—hourl y (CHR) and clock two—hourly (C 2HR) distributions for
U r b a n a ,  Illinois from March throug h August. Althoug h the s a m p l i n g  p e r i o d s  w e r e  no t
the same (both clock—hourl y and clock two—hourly distributions were from a 10—year
period 1965—1974), if we assume 1970 was a typical season , some conclusions cai r fe
drawn from Figure 2. If Bussey ’s hypotheses were valid , the clock two—hourly a m —
tribution and the mean instantaneous distribution over a 100—km line should be near-
ly equal. This is not the case. A plot of the clock two—hourly distribution with
62.2—km line distribution (not shown ) reveals that these two distributions are very
simila r. By an iteration process one can estimate the instantaneous distribution
along a path tha t best approximates the point clock two—hourly distribution for
Urbana , Illinois during the spring/summer season. The resul ts of this analysis

8
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Figure 2. Comparison of Synthetic Mean Instantaneous Distribution for a
100—km Path and the Clock—Hourly and Clock Two—Hourly Point Distributions
for Urbana, Illinois (Spring and Summer).

appear in Figure 3. A similar iteration was performed for the clock—hourl y rate
distribution and i t  is plotted in cumulative form in Figure 4.  It appears that the
clock two—hourly rainfall rate distribution at a point can be approximated by mean
instantaneous distribution over a 65—km path length. Similarly, the c lock—hour ly
distribution can be approximated by the instantaneous distribution over a 35—km path
length. These line distances are considerably less than previously assumed by
Bussey . According to Bussey (1950) , the clock—hourly distribution approximates a
50—km path dis tribution and the clock two—hourly distribution approximates a 100—km
path distribution .

These results cannot be considered conclusive proof of a different space/time
rainfall rate transform, but they do raise some questions about some accepted (but
unproven) hypotheses. Some of the assumptions made in this study could be rechecked
with data taken from simultaneous periods of record. Perhaps the transform rela-
tionships found here are unique to central Illinois. It would also be interesting
to see if the same t rans fo rm held for the ~a1l/winter seasons when precip itation is
more uniform and widespread . The final check , however , will require actual meas-
urements over long lines at several locations and at line mid—points to verify any
relationship.
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F . .:ure 3. Compar ison of the Cloc I
~ T~ o—Hour 1y Dis tribution at Urb ana,

Il l ino is wi th the Average Rates Along Synthetic Lines (Spring ari d Suxr r~er ).

bU~ t~A R Y AND CON C L U S I O N S

[his p~ pnr presents a techniaue for converting clock—hourly ra infall r a ir
dis tributions to clock two—hourly rainfall rate distribut ions at 14 locations. In
addi tic n , hy examining the instantaneous rainfall rate distrib ution along lines in
cer~~ra 1 Illinois , B u s s e y ’s (1950) hypothesis of the point—time ergodicity of ra in—
tall rate dis t ributions may require some adluo tment althoug h the basic assunpt ion c
i~~~m ar reasonably valid. Hopefully, increasing in terest in rainfall rat ts over long
l i n e s  w i l l  r*~sul t in some measurements of the actual distributions. These mea~~i.re—
m~ nt :~ ~ il1 be of g r e a t  va lue in f u t u r e  research .
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