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ABSTRACT

Models of the probability distribution representing the residuals between the observed MOF
and field strength and the corresponding predicted values from HFBC84, an lonospheric predic-
tion program developed for the Broadcast WARC, are presented. A data base of 13,054 hours of
oblique sounder MOFs measured on 70 paths was used to obtain the residuals in the predicted
MUFs. A modified version of CCIR Data Base C was used to obtain the residuals in predicted
field strength; only the 81 paths for short path propagation were retained. The residuals for
these models were fit to the Johnson system of frequency curves. This system of curves con-
sists of three distributions: (1) data that is unbound, called the S, distribution; (2) data
that is bound on one end, called the S, distribution; and (3) data cgat is bound on both ends,
called S, distribution. Overall for the MUF residuals, it was determined that the data could
be représented by a S. distribution. Overall for the field strength residuals, a S, distribu-
tion fit the data for h‘equencies below or equal the predicted MUF, and a SB distrigution fit
the data for frequencies greater than the MUF.

INTRODUCTION

The effective operation of long distance high frequency (HF) communication systems has in-
creased in proportion to the ability to predict variations in the ionosphere. These variations
are affected in a complex manner by solar activity, seasonal and diurnsl changes, as well as
latitude and longitude. Such a predictive capability has permitted communicators to optimize
frequencies, santennas and other circuit parameters. The need for HF model uncertainty assess-
ment has become important as more and more uses are found for the prediction models. This
paper differs from the more usual report on the accuracy of prediction models. Here, a model
of the probability distributions representing the residuals (the errors) between the observed
parameters and the corresponding predicted values is presented. The residuals for the predic-
tion model are fit to a Johnson system of frequency curves (Johnson, 1949) using an algorithm
due to Hill et al. (Hill et al., 1976; Hill and Wheeler, 1981; Dodgson and Hill, 1983) which
uses the method of moments to obtain the required parameters. This distribution represents all
univariate distribution systems; its simplicity of calculation once its parameters have been
determined makes it adaptable to minicomputer type of applications; and the transformation of
the Johnson variables to the normal system sllows use of normal probability algorithms in its
application.

Here, the probability distribution representing the error in the predicted MUF and field
strength from HFBC84, an lonospheric prediction program for the HF Broadcasting WARC, is
presented. A data base of 13,054 hours of oblique sounder MOFs measured on 70 paths was used
to obtain the residuals in the predicted MUFs. A modified version of CCIR Data Base C was used
to obtain the residuals in predicted field strength; only the 81 paths for short path propaga-
tion were retained. Detailed documentation of the determination of the residusls for the
predicted MUF asnd field strength for HFBC84 is given by Sprague and Sailors (1987), Roy and
Sailors (1987), and Sprague (1987).

The first section of the body of the paper discusses the determination of the statistical
model. In addition to the method of moments, this secticn presents alternate methods for
determining the parameters when the moments are large. The second section presents tables of
parameters representing the probability distribution of HFBC84 predictions. However, because
of the limited scope of the paper, not all the variations studied can be presented. The third
section discusses application of the statistical model. The final section discusses improve-
ments that could be made in the technique used to get the Johnson curve parameters.
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The first step in determining a probability distribution to represent the residuals be-
tween observed data and the corresponding predicted data {s to hypothesize a distribution
On first poge function and determine its parameters. In the case of the application at hand, the determina-
type title of tion of the distribution function was motivated by (1) a desire for ease of calculation so that
poperhere—-|  +he results could be used in minicomputer type applications, and (2) a need to automate the
data analysis. The distribution function chosen was one known as the Johnson curves (Johnson,
1949).

Johnson Curves

i Author The Johnson curves are an empirical family of curves satisfying the following chosen con- |
! Affiliation ditions: (1) they should be easy to evaluate once their parameters are determined; (2) they
! . : are a monotonic function of y vhere y = (x-£)/), A is a scale factor, £ a location factor of

City, State the distribution, and x is the variable being represented by the distribution; (3) the range of

values of f(y) corresponding to the actual range of values of y should be from - = to + =; and
(4) the resulting system of distributions of y (and so of x) should include distributions of
most, is not all, of the kinds encountered in collected data. Johnson proposed basing empiri-
cal distributions on the transformation of a standard normal variate. The Johnson system of .
frequency curves consist of: \

, the lognormal system (or SL): z2=q+§ n[(x-£)/2], §x, (1) |
: the unbounded system (or SU): zZ=y+§ ainh'l [(x-€)/X2], 2) .
the bounded system (or SB): zZ =+ 8 In [(x-£)/(E+2-%)], €<x<€+Ar 3) :

wvhere z is the standardized normal variate in each case. The parameters vy and § determine the
shape of the distribution of x.

% : To decide which of the three Johnson families should be used for a given set of data, the
usual procedure is to obtain the data estimates of the skewness /B, and the kurtosis §,. These
then are plotted on a figure such as figure 1 which shows the region in the (ﬂl, B,) Plane for
: the three Johnson families. Also shown are other common sampling distributions. Zf the (8,,
B8,) point is close to the S, curve, the S, curve is chosen. If it is in the region abave the
S& curve, the SE family is Chosen; and llet is below the curve, the Sucutve {s used. The §
e

rve can be extended by use of the parametric squations: L
By = (o-1) (2)? ) l
. az-u“+2u3+3uz-3 (5)

x where w denotes exp (5'2). The impossible region in the figure is bounded by the line pz - By -
L 1 = 0. These three systems of curves; S,, SU. and S,; together cover the entire 'possib}e"
. region of the ‘1' ﬂzplanc (the plane descrh;lng the en@ite possible 3rd and 4th moment
variation).

Fitting Johnson Curves by Moments

. To determine the parameters for the Johnson curves, an algorithm, called JNSN, known by
5 the Royal Statistical Society as algorithm AS 99, was used (Hill et al., 1976; Hill and
Wheeler, 1981; Dodgson and Hill, 1983; Griffiths and Hill, 1985). This algorithm uses the
sanple moments (i.e., the mean, standard deviation, skewness (/B,), and the kurtosis (ﬂ% to
determine the type of Johnson curve and {ts parameters. For the sake of completeness, the al-
gorithm includes the normal curve itself and the special case of the 5, curve on the §, - 8.+
1 boundary which is called S. (T standing for two-ordinate). Equations (4) and (5) arfe solved
* in JNSN to determine the type of Johnson distributions. If the required A, from these equa-
tions is less than the input ﬂz. S, (or ST) is appropriate; if greater, S, {s appropriate. The
parameters vy, §, £, and )\ are fou%d such that estimated values of ,/ﬂl lng 52 using the
paraneters are within t 0.01 of the ifnput values.
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Alternate Meathods for Determining the Parameters

When the moments are large, the methods of wmoments is not slways efficient. Hence, it is
desirable to have alternate methods to use to obtain a second set of parameters. A test of fit
can be used to choose between the sets of parameters so chosen. In addition to the methods of
soments, two additional methods of estimation are maximum likelihood and the use of quantiles
or percentiles. Depending on the Johnson curve being evaluated, the different methods may or
may not be possible.

For the S, curve, the maximum likelihood method can be used to obtain the parameters y and
§ 1L P 1s knovk (Hahn and Shapiro, 1967). If ¢ {s unknown, one is tempted to set £ to the ain- .
{aua value in the data set. However, as ¢ tends to the ainimum, the maximum likelihood :
estimates tend to infinity. There can be considerable variation of £ with little variation of
the percentiles. This is particularly true for large negative values of §. In the algorithm
3 written for this method, £ was set to min (x,, x,, ..., x“) - 0.1 min (x,, %X,, ..., xN). 1f
: the value of £ is unknown, the unknown panLot& ¥, §, and € can be obta nodzby setting three
percentiles determined from the data to the three corresponding percentiles for the normal
standard variate z (Hahn and Shapiro, 1967). Three equations of the form

‘ :.-v*‘ln(xc-f)‘ . . 6)
are solved for the parameters vy, §, and §; x_ 1is the a 100th percentile for a standard normal
variate and x_ is the corresponding porcontuocfton the data. Hahn and Shapiro provide solu-
tions to thele equations for any two symmetric percentiles (e.g., the a 100th and the (l-a)
100th pereentile) along with the median value. If (x, - ) < (xo -x‘{, then s negative
value of § 1s obtained and the percentile method f.u}; ":h?n‘ s very \insukc y to be the case if
the distribution has substantial positive skewness.
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Tor oll . or the Su cass, the only alternate method is the method of quantiles. In this case all t "‘
after the firyt | fOUr parameters, £, A, 7, and §, have to be estimated. This requires that estimates be ob- ;!'
tained of four values, x,, x,., Xe, s&y, such that certain fixed proportions P,, P., P., P., q':
respectively, of the aistdibubion®tal? below these values. Then the pltluototaﬁlcy‘be %oula Wy
On first p from the four equation for z,, the normal standard deviate for the S, case. This set of equa- .
type .m.:f tions is non-linear in nature and currently thers is no algorithm :lug has been used to solve

poper here—o-p thesm. it'
Pt
For the S, curves, both the maximum likelihood and method of percentile methods can be ap- A
plied (Johnson, 1949). If the parameters £ and A are known, then the maximum likelihood method ] 'l..
can be used to obtain the parameters vy and §. If only the lower end-point, £, is known, the )
method of percentiles can be used to estimats A, v, and §. The method of percentiles uses the .‘f
medium x_ and the lower and upper 100th percentils points x, and x,. W&
Author ey o 1 2 : i
Atfilianon Verification of Model Fit : [ X

City, Store .
The final step in the determination of a distribution representing the error data was the :f
verification that the fit was adequate. In addition the test of fit was used to determine if ’ %

the parameters produced by alternate methods were preferable. The procedures followed for the B,
test of fit was that for the chi-square test of fit (Hahn and Shapiro, 1967; Williams, 1950). it
The first step is the estimation of the unknown parameters of the assumed distribution (Johnson )
curves). After sorting the data, the data is divided into k classes or cells, and the prob- . *
ability of a random value from the assumed model falling with each class is determined. The : '
number of classes k itself is selectad by the following formula, depending on the sample size N !

v
: and the level of significances C ) '."
H A
: 0
k = & [2(8-1)2/c?) /5, ) _ )
- . - - ",
:l‘.
(
For the 5% level of significance C = 1.645. The class limits are chosen such that each class : v
contains the same number of items under the null hypothesis (i.e., a Johnson distribution). . '
For this distribution, the class boundaries were found by inputting l/k, 2/k, ..., (k-1)/k into !
an algorithm for finding the normal deviates corresponding to the lower tail (Beasley and % t
Springer, 1977). Then an algorithm was used to find the Johnson deviates corresponding to the ‘
normal deviates (Hill and Wheeler, 1981; Dodgson and Hill, 1983; Hill, 1976). These Johnson ) N
deviates 3o determined are the cell boundaries. The lower boundary of the first cell and the l.:‘
. upper boundary of the last cell are the smallest and largest values that the random variable : ".1
' may take on. The cell boundaries were set up in such a way that the probability of a random !'.t
value falling within a given class is estimated to be 1/k for each class. The expected number :
i of observations for each cell under the assumed distribution is N/k. The chi-square test : v
‘ statistic 's given by ' ":‘
' 2_x X 2 LR
xX'=2z %N (8) i e,
N §=1 - |'._l
vhere £, is the observed number of frequencies in the ith class. As the sample size approaches Y

' h
infinicy, the discribution of this statistic approaches the chi-square distribution with k-1l-s eh
degrees of freedom where s is the number of parameters estimated from the sample.

. U

For a one-sided (upper tail) test for a significance level of 5%, xz_ .q (@) is determined ’ oty
using a table of critical values for the chi-square distribution for K.&:t.. of freedom less ':0
than equal ten and the Cornish-Fisher apptfxi,.tlon for larger degrees of freedom (Goldberg and :,l
Levine, 1945; Zar, 1978). Ratios of x ' /x 1 (a) greater than 1 signify that the observed ..:
data contradicts the assumed model. This rat¥o {§ also used to determine which of the methods i N
of deteraining the Johnson parameters is preferable; the method producing the lowvest ratio {s . \
used. The chi-square test holds for sample sizes as low as 200 (Williams, 1950). ’

The chi-square test depends on the data being ungrouped. When data is grouped, the chi- IF
square test will fail. That is boclu,e equations (7) and (8) assume that there are N ungrouped — W
data points. What happens is that x“ calculated from equation (!) is large and the hypothesis 4"
is rejected when in fact it sight be accepted. This is because x~ is computed on the assump- \)

. tion that every cell has an expected number not too small. Usually 5 is given as the required W
einimua. When the data is grouped, then some cells have large numbers in them and adjoining ) 4
cells have a nuaber less than the minimum or even zero. One solution is to include cells with by

numbers less than the ainimum with adjoining cells, and increase the number of cells. However, !

the number of cells must not exceed N/5. In the application hers the number of cells was . o
doubled when grouping occurred.
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1 JOHNSON CURVE PARAMETERS FOR HFBC84 : Y
N
On fiest p. The Johnson curve parameters were detersined for the predicted MUF and field strength for o
type title o HFBC84. For the predicted MUF, the parameters wers found as a function of latituds of the con- W
poper here—o-| trol points, of data recorder type, of geographics region, of sach particular path in the data ‘\'
base vhere sufficient data was available, of circuit pach length, of mid-path locsal ctime, of '
hly mean ber, of month, of path orientation, of sesson, and of smoothed sunspot -
nusber., A lhltod sst of these results are presented in tables 1 to 6. For the predicted fleld ik
strength, the parameters were found as a function of frequency relative to predicted NUF, of ,
sach particular path in the data base vhere sufficient data was available, of mid-path e
luir.udo o! circuit length, of mid-path local time, of relative path orientation, of season, 5
! Author eqn [ g ber, and of mid-path local time. In the case of the fleld strength, the
: Affiliotion parameters were determined for frequencies > MUF and frequancies s MUF. A lisited set of these A
City, Stete results {s presented in tables 7 to 14. 1In the case of the fileld s:nngth data, the alternate 4,
methods produced the preferable sat of parameters quite often, particularly the maximus Al
likelihood method. Whereas, for the MUF residuals, only rarely did an alternate method to the
methed of moments produce the preferable set of parameters.
LN
In tables ! to 14, the conditions for which the analysis was made 2(®,8., clrcuit lengch |:.
2000-3000 km), the saaple size, the four input moments, vy, §. A, £, the x /x (0.05) ratio, X
the class size k., the Johnson type curve t, and the method of analysis |¥- l!V Type = 1 b
implies an S, curve, type = 2 implies an S, curve; type = 3 implies an S, curve; typa - 4 in- W
! plies a norkal curve; and type = 5 llpPh. an S, curve. Method m = 1 implies methoad of .‘4
H moments; method m = 2 implies percentile points; nndrnthod o~ 3 implies saximum likelihood. ‘,
: In the table the error codes {mply: (1) 1 = residual statistics were not calculated; (2) 2 - N
i residual data is not valid; (3) 3 = chi.squared test of fit unable to run, usually not enough
: data points; and (4) & = chi-squared critical valus not detsramined usually not enough degrees
‘ of freedom. Only the error codes 3 and 4 having to do with the ch-square test of fit actually Nt
occurred. This usually was due to grouping in the residual dacta, particularly the field ,‘
strength data. Because the data in Date Base C is given only as integer values, this causes "'
grouping precisely at values of field strength vhere the model is most accurate. "‘
APPLICATION OF THE MODEL ‘:
¥

H After having determined the Johnson distribution parameters for HFBC84 by the methods
H described earlier, it i{s desirable to be able to apply the results. It is envisioned that it '
sight be applied in one of two ways. The first is that for s given probability, it sight be )
desired to know the error in the model. The second is given a certain error in the model, what
is the corresponding probability? There are saveral useful algorithms to sid in this (Beasley 3
and Springer, 1977; Dodgson and Hill, 1983; Criffiths and Hill, 1985; Hill, 1973; Hill, 1976,

Hill and Wheeler, 1981).

In the first application, the given probability is converted to the corresponding norsal
; standatrd deviate using the algorithm function PPND (Beasley and Springer, 1977; Griffith and v
! Hill, 1985). Then the corresponding Johnson deviates are found using che algorithe AJV &
. (Dodgson and Hill, 1983; Griffichs and Hill, 1985; Hill, 1976; Hill and Wheeler, 1981). The .
paraseters necessary as input can be found for the case and model under consideration from the
tables in the previous section. The Johnson deviates are the error for the model being ap-

; plied. |‘.

: In the second application, the given error {s converted to normal stendard deviates using ¢
H the second algorithm due to Hill (1976: Dodgson and Hill, 1983: Griffiths and Hill, 1985: Hill ¢
* and Wheeler, 1981) called SNV. Then the corresponding probability level can be found using a . O

capability to calculate either the upper or lover teil area of the standardized normal curve

i normal incegral algoritha (Hill, 1973) called ALNORM. This particular algoritha has the lf
; corresponding to any given argument.

{
A sampls of cthe application of the model i{s given in figures 2-3. In these figures the v
! predicted residual is given for seven different standard normal deviates (snv) and their cor- :
* responding probabilicy levels. The residuals range from valuss that might occur 0.1% of the
: time to 99.9% of the time. Figure 2 is for the MUF model, and shows the residual variation as "
& function of path range. Figure } Ls for the field strength model, and shows the resjdual
. variation as a function of ratio of the frequency to the predicted MUF.
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vas presented. The residuals for this program vere fit to the Johnson system of frequency '
curves. {

In the cases of both the su and S, curve, the salternate method for determining the desired
parameters when all four are unknown involves solving four equations represencing the normal
standard deviate for four percentile points. These systems of equations are non-linesr, and an
algorithm needs to be developed to solve these equations for the required parameters. Further, >
the appropriate percentile points to be used in the analysis needs to be determined.

Finally, the chi-square test of fit employed is affected by the grouping of dats at par-
ticular vslues. At precisely the values at which a propagation model {s most accurate is where ;
the grouping occurs. This is due in part to the lack of enough precision or enough significant
digits in the observed data used to evaluate the prediction model. The chi-square test of fit
is used because it can be used when data from a sample is used tn generate a probability dis-
tribucion function. Other well known tests of fit methods can not be employed in this case.
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EMPIRICAL MODELS REPRESENTING THE ERROR IN THE PREDICTGED MUF
AND FIELD STRENGTH FROM HFBC 84

David B. Sailors ro b
Ocean and Atmospheric Sciences Division 4;u‘ //
Naval Ocean Systems Center ¢l i/
San Diego, CA  92152-5000 L{,\—- y

Models of the probability distribution representing the residuals between
the observed MOF and field strength and the corresponding predicted values
from HFBC 84, an ionospheric prediction program developed for the Broadcast
WARC, is presented. A data base of 13,054 hours of oblique sounder MOFs
measured on 70 paths was used to obtain the residuals in the predicted MUFs.
A modified version of CCIR Data Base C was used to obtain the residuals in
predicted field strength; only the Bl paths for short path propagation were
retained. The residuals for these models were fit to the Johnson system of
frequency curves (N. L. Johnson, Biometrika 36, 149-176, 1949). This
distribution was chosen because the transformation of the Johnson variables to
the normal system allows use of normal probability algorithms in its
application and because it can be used to represent all univariate
distributions. The Johnson system of curves consists of three distributiens:
(1) data that is unbounded, called the SU distribution; (2) data that is bound

on one end, called the SL distribution; anc¢ (3) data that is bound on both

ends, called the SB distribution.

The residuals for these models were fit using an algorithm due to Hill et
al which used the methods of moments (Hill et al, Appl. Statist., 25, 180-189,
1976). Since, when moments are large, the method of moments is not always
efficient, the alternate methods of maximum likelihood and quantities
estimation were used to obtain additional sets of Johnson parameters. Then a

chi-square test of fit for a 5% level of significance was used to determine
the best fit to the data.

Overall for the MUF residuals, the data can be represented by a SL

distribution. Parameters were also found for: (1) data recorder type, (2)
path length and orientation, (3) season, (4) month, (5) latitude, (6) sunspot
number, (7) diurnal trends, (8) geographic region, and (9) particular paths.

Overall for the field strength residuals, a SU distribution fit the data

for frequencies below or equal the predicted MUF, and a SB distribution fit

the data for frequencies greater than the MUF. The parameters were also found
as a function of (1) frequency/MUF ratio, (2) particular paths in data base,

(3) path length, (4) season, (5) sunspot number, (6) mid-path local time, and
(7) latitude at path mid-point.
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