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Abstrctd

Hourly valnes of ground-based ionosonde data have been subjected to a
detailed statistical analysis h- order to determine the day-to-day variability dis-

played by various ionospheric regions. It Is found that the standard deviation

about the observed F2 region monthly median critical frequency is two to three
times that observed in the E and Fl regions at mid-latitudes. The day-to-day

variability of foE and foF1 is such that monthly median values of thc-se parameters
can be used to represent the daily variation in the E and Fl region. This would

p imply that HP prediction prograr.s which rely on median data for specification of

th.t ionosphere yield results that can be used in day-to-day operatioas for those
propagation modes that are controlled by the LO and F1 region. As Iht F2 region

is highly variable, a method of using tinely observations of foF2 tc predict the

expected values of the F2 region critical frequency has been develoýed, The
method has the advantage that erroi-s in predicting the monthly moedf an foF2 can be
averted and the predicted ialuea are generally closer to the actual Onservations

than the observed monthly median,

.........
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Predicting the Day-to-Day Variability of the-
M Mowtde Ionosphere for Application t

HF Propagation Predictions

1. U+TRODUCTION

Routine ground b4pned ionospheric soundings have over tile years provided a
great deal of information conerning the structure of tke Ionosphere and its varn-
abtlty in both Utme and space. Thesie observations have been uc id to help dleter-
mine the various physical mechanisims that control the ionospheric behavior and
provide the basis. for ascertaining how changes in the ionaosphare affect propag-ation
of electromagnetic energy over a wide band of' the frequency spectUmm. Perhaps*
the most significanit and wefl-known aspect of the ionouphore is its alpparent onmtrol
over high frequency (HP) radio propag~ation conditions. As WO ionosphe~re is the
medium In whicah UPsgal rpaae changes in the lonosphorlo suructun, load
naturally to cangails in HPF pr~opaltat ehuox4ruacterati.'

Blecause Of 010 011portae of fir Comnmunicat ton In 4 Variety of tivilian MidA
* anfmlltry uses, b great deal1 Wfefort ha's beeni Opent an predicting tho struature of,

the Ionosphere tar the eiprees purpose of nilproving UiP propagatioa. predtetions,
V"or the mnost pait, XF preditfoo teahaiques raly upo~a nwxiiau Nmaeva for the spool-
f icatlon and predietloo #"' the ionosphere andt are thsis oiiW stric~tly nmid-fror Iieadian

couditions. Ther is, however,. a. incroasing Aamount Of tt df voteO d toappying.,

* (Receivaed for pubmoation 22 May 1IW$.
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-median predictions in normal day-to-day applications. This would lead to meaning-
* ful results only If the median behavior of th,ý ionosphere provided a good represen-

tation of the daily variability.
~ 4 In this report. the variability of the ionosphere about its median value is in-

vestigated using data that are representative of various ionospheric regions.
Although there are other factors that affect, and in certain circumstances limit,

*, E2F propagation (absorption, terrestrial and man-made noise, for example) onlythe
~..1 variability displayed by the ionospheric electron density is studied. This has been

accomplished by making use of the hourly critical frequency tabulations of the nor -
mal E (foE, F1 (for, ) and F2 (foF2) regions observed at a number of mid-latitude

* loaations. An attempt has also been made to relate the observed daily variability
of the. ionosphere to the practicality of using median predictions in day-to-day
q~erations.

Ilt will be seen that the monthly median values of foE and foF1 provide a rela-
tively good representation of the daily values of those particular parameters at

R mid-latitudes. In the F2 region, on the o~ther hand, the daily variability of foF2
* is, at certain times, quite large and the monthly median value of for,2 appears to

be of little practical use in daily operations. We have, therefore, Investigated
wethods by which this daily variability can be predicted assuming that timely ob-

* servations off ft 42 are available. It will, be shown how. much improveent in tlic
prediction of fo.Ps can be obtained using imnmediate past values of that parameter
to update a predtoted value. Whether the amount of iUmprov Pintha sotie
justifleS the cost necessary to implement such a technque must be decided, -Vith~

(} reforence to, the apecific appllcation.

11. VARIAWLIfl OF THE IONO44EREABOUT THEOllfEjlVtiMEWAN

In order to obtain - 'Velilsble estima te of the daily vuriability of the Ionosphore
about the observed monthly modlaAi. hourly values of the oriticul frequencies of
the E# V1 mid P2 regions have been obtained for a number of mid-latitude lono-
sphoriki sounding stwtloms tht were oporating during the years of 1050 and 19)04.
These tWoe "~'rieds were chosen to be representative ot the extremeos in solar
aotivity (1058) - colzw wwImuni; 1064 - 1014 Ioiarnarl# um. Sunce these were Years
When Intornational agr~exent Qonceraing all types of 4# 'Dalya berain

were In effect (MYW and IQSY), the nwatbor of stations supi ying ob wvations ton
to be more numerous thwi in other years. Data trwo ever 150 iconoonde stftioos

* thut wore operatiog the entire year of 1050 were usuid to det-rmntie the vaciabIlity
oa Nfof dlulig Holar z a i1ww Conditions. while %Mi0 41) oild-latutude Iatat one W1010
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investigated for 1964 to determine the variability of foF2 during solar minimum

zonditions. Hourly data for foE and foF 1 were used for all stations north of 450

geomagnetic latitude for the months of March. June, September and December in

both 1958 end 1964. Onlythe results that apply-to the mid-latitude ionosphere will

be discussed here.

For each of the ionospheric parameters and stations available, the observed

monthly mediau for each hour was determined and the individual hourly observa-

tions were then subtracted from the monthly mediens. The individual deviations

were also normalifed to their respective hourly median values to enable study of

both the absolute as well as relative variability in the various regions of the iono-

sphere. These deviations (both relative and absolute) were then subjected to a de -

tailed statistical analysis and the first four stptisticl moments were computed for

each data set (Kenney and Ke,=plng. 1954). *A standard computer program wasused

to determine the mean. standard deviation, skewness, and kurtosis for each set of

deviations. It is the standard deviation that provides the most straightforward in-

formation concerning the variability of the hourly observations about thp observed

monthly median. In order to increase the significarwe of the results,- the devia-

tions for each station-month wee grouped into thrv.e hour-thue blocks centered on

0000, 0300, ... 2100 h before performing the statistical mnalysis. The groupings

were done both in% local mean tUie (LMT) and Greenwich xean tine (GMT).

The results of the a•alysis in•icated that the hourly deviations of foE and foft

could reasonably be eonsidered as a orenal ensemble, The avoragp deviation

about thei median rarely twr.xedeu two percent implying that the monttily median and

the moently mean were nearly equal. The skewness, which provides an indicatiot

of the asymometry of the data sots wat also rather close to 2oro as it must be for a

normal diastribution, in the 11 region, there were ocelotsn wune the average de-

viation about the median was on the order of ton poercent and the deviation data

appeared to be quite skewed, F'or the most part, this was fowil to be associated

with periods of severe magetic disturbnanoca. However, to a first approxtmation,

it is felt that the FM region deviations could also be conf•ired as normally d.is.

\tributod for the majority of cases studied.

The statistical analysla indicates that the variability of the ionosphere 1P not

odly different for the different iokospheric layers but that thO varlalilty in atky

given layer disployu local ti•me, seasonal ant solar cyolo dep.dondcies of varying

degrees, Figure Ua 81wwa the stwidard daviation in MHz about th•e manthlyimedian

of foE that its typically observed at mid -latiitd locatioa qShown In lhe frignue Wr

results obtaied (rmn data taken at Ottawa, Cmnada, ted Slough, Ean•-lud, during

March, June and Septe.ver 1958 and 1964, The geogtrapeid and goomagnoetic

coordlatea Wof thse .and other stations whose results at shownu i. the report ato
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given in Table 1. Because the E region is under strict solar control, routine ob-

servations of foE are only available during daylight hours. For the local mean

times shown (0900 to 1500 h), the standard deviation of foE about the median is

never greater than 0.05 MHz, with the differende between solar maximum and solar

minimum results being small. This difference is greatest during March and

September and prac cally nil during the summer solstice. Although not shown in

the figure, the standard dviation at timessurrounding 00O hand 1800 h tends to

be slightly farger than for midday. However, the scarcity of reliable data at these

týmes renders it difficult to determine how statistically sign~ficant the results are

during periods surrounding sunrise and sunset.

* OTTAWA
0ý 0~o9~~~i 12 15 18 06 01ý 12 15 18 06 09 12 I5 IS-

0o. •.- MARCH JUNE SEPT -
0 to 1958---- .

S0.05-

02SLOUGH0.20r ' " t" - 'J •E / "
< 0.15- MARCH JUNESEPT

S0.10

LOCAL MEAN TIME (HRS)

Figure 1M. Absolute Standard Deviation About the Observed Monthly
Median foE at Ottawa and Slough During March, June and September,
1958 and 1964

Table 1. Stations and Coordinates Whose Results are Shown in ths PresentReport

Geographic Geomagnetic Dip

Station Lat(O) Long(*) Latitude(N) (0)

Ottawa, Canada 45N 76W 56N 74

Slough, Great Britain BIN 00W 54N 6,

Lindau, Fed Rep. Germany 51N 10E 52N 6a
Mosow USSR 56N 37E SON 70
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For the purposes of comparing these .esults with those for other regions,
Figure lb show2 the relative standard deviation for the same data as shown in

Figure la. It can be seen thai the relative standard deviation is generally less than

six percent implying that 95 percent of all observations lie within + 12 percent of
the monthly median value.

OTTAWA
'e 06 0912 15 18 06 09 12 15 18 06 09 12 ' 15 18

z 20 1 - -T - IT I I Io- " MARCH _6.. JUNE SEPT
5: 0 15---

W 1964-

oL A 1 1 n g- -q--t I i__'>

10- ~SLOUGH SP

2OL I I I ' I I -__

0 09 12 IS t8 06 09 12 I5 is806 09 12 IS '10

LOCAL MEAN TIME(HRS)

AFigure lb. Relative Standard Deviation About the Obser-ved Monthly
Median foE at Ottawa and Slough During March, June and September
1938 and 1964

Figure 2 shows the absolute (2a) and relative (2b) standard deviation about the
monthly median value for foF1 for June 1958 and 1964 observed at Ottawa and Slough.
As was the case with foE., foFI to strongly solar dependent permitting the calcula-
tion of reliable statistics only when the solar zenith f.ngle is relatively high. Com-
paring Figure 2a with Figure la, it appears that foF I displays an absolute variabil-
ity that to twice as large as foE during solar maximumr but there is no significant

4 . differenwre during solar minimum. The relative standard deviationis (PFIgures 2b and
ib) indicate foF 1 is slightly more variable than .oE, with the difference in the
varialilities of the two regions being greatest during soloa mAximum.
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z• OTTAWA
02C 0 0  03 06 09 12 15 18 21

0o 0.5 19-8---- JUNE

0C5~ 166- _____________ Figure 2a. Absolute Standar'd Devia-
tion About the Observed Monthly

SLOUGH Median foF1 at Ottawa and Slough
z 0 During June, 1958 and 1964
lO.0.15 " JUNE
- 0.10

0 03 06 09 12 !•iS 21

LOCAL MEAN TIME (HRS)

OTTAWA
00 3 o 06 09 12 15 ,8 '1

15, 1958---- JUNE -]
1o 18*64-

5-- ..... -- - Figure 2b. Relative Standard Devia-S __a tion About the Observed Monthly

Median foF.2 at Ottawa and Slough
SLOUGH During June, 1958 and 1964

JUNEl
° -

LOCAL MEAN TIME (HRS)

In Figure 3 the local time variation of the absolute standard deviation about
the monthly median F2 region 'rrtieal freequency is given for three loctions;

Stnugh Li ndati. Germany: and AMoscow. USSR. The results are shown ýor the four

months surrounding the aolstices and equinoxes for both solar mnavimumn and solar

inirnum condttitios, It should be noted that the ordinate in VIgure 3 is a factor of

10 largor than that in either Figure la or 2a. Not surprislngly, the absoLute

standard deviation is larger at solar maximum Q950) tan at solar minimim
(1964), The rosulte show that at i.olar maximunm. the variability of the F2 reglon

is generally larger for a,1 hours during equnoxes than for the tine period
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surrounding the solstices. During solar minimum, this doesn't appear to be the

case, however. In fact, the standard deviation appears to show little seasonal or

diurnal dependence during 1264. being approximately 0.58 MHz for all hours and

seasons.

i)u:ing solar maximum, the diurnal variation of the standard deviations at

Slough, Lindau and Moscow display strikingly similar behavior at all seasons.

For the equinoctial months, the largest standard deviation (- 2.0 MHz) occurQ

around 0900 h LMT and generally tends to decrease at other hours. During the

northern solstice, the standard deviation is higher between the hours 0000 to 0600

LMT than at other times of the day while during the southern solstice the results

indicate the opposite behavior.

To compare the results of the standard deviations seen in the F2 region with

those observed in the E and F1 regions. Figure 4 shows the relative standard de-

viation for the same times and stations illustrated in Figure 6. It is immediately

obvious that the local time, seasonal and solar cycle dependencies notvd in the

absolute standard deviation arm not as apparent in the relative standard deviation.

The results in Figure 4 suggest that an average value of 15 percent provides a

good measure of the standard deviation observed in the F2 region for all temTporal

scales. This is two to three times the variability that is observed in the E and

"F I regions,

The fact that the F2 region is inherently more variable than the E or F I

region is certainly not a new finding that is unique to this study. However, the

evidence presented here, which is typical of the mid-latitude ionosphere, using

data taken simultaneously in time and location, does provide some indication as to

how much more variable the F2 region is compared to the ionization at lowar alti-

tudes.

Not only are the E and Fl regions less variable than the F2 region, but the

median value of either foe and foF1 at mid-latitudes can, for the most part, be
predicted to within an accuracy on the order of five percent (Muggleton, 1972;

DuCharme et al. 197 1). There appears to be little doubt, therefore, that propa-

gatlon predictions based upon pjredicted median values of foE and foF t should be

quite useful when applied to day-to-day operational requirements. In the F2 region.

the problem is much more complex. The resuths presented here show the varn-

ability of foF2 about the observed monthly median value. Clearly, median gre-

d&ctions of foF2 can, at least, lead to day-to-day prediction errors on the order
of 0. 5 to 3. 0 MHz depending on local time and phase of the solar cycle. Extreme

caution should be exercised. therefore, in t'pplying on a day-to-day basis HF

S}I promagation predictions that depend on median conditions for those radio tratus-

missions that are obviously controlled by the F2 region.V I
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SLOUGH SLOUGH
00 03 06 0912 15 18 21 00 03 06 09 12 15 18 21
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Figure 4. Loca Time Variation of tvie Relative Standard DNvistion About the
Monthly Median oaF2 at Slough, Lndau and Moscow Dtwing Marth. June,
September atid Decwnber, 198 and 1964
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3. SHORT-TERM PREDICTION OF foF2

Because the F2 region displays considerable variability, there have been many

attempts to develop a short-term prediction capability for foF2 on a time scale

shorter than a monthly median (Bennett and Friedland, 1970). Most of these studies

bave been concerned wtkh relating changes in foF2 to corresponding changes in

selected geophysical variables such as the 10.7 cm solar flux and the geomagnetic

activity index. Kp. The disadvantage of this type of approach when applied to

timely predictions ie that the independent geophysical variables upon which changes

in foF2 depend, must themselves be predicted. Thus, any errors in the predicted

values of the geophysical variables will be reflected in the corresponding predicted

values of foF2. A notable exception, however, is the work of Gautier and

Zacharisen (1965) and Zacharisen (1965) who have attempted to develop a short-

term prediction scheme based upon statistical properties of the foF2 distribution.

Using auto-correlation and cross-corre. itior. coefficients deternlined from devia-

tions of foF2 from the monthly mean value, they have shown how much improvement

can be obtained using timely observation of foF2. In actual practice, however, the

monthly mean value of foF2 is not known in advance and it must therefore be pre-

dicted.

In this study we attempted to find a short-term prediction scheme for foF2

based upon immediate past observations of foF2. It was assumed that data were

available at particular locations at least 24 h in advance of the time a prediction is

to be made, The problem then is to find a sufficiently general prediction scheme

that leads to prediction errors that are smaller than those obtained using median

predictions over a large temporal and geographical scale.

To find the optimuxn prediction technique, various predictors were i•sed and

deviati--,a Llween predictor and observwVon were computed on an hourly basis

for each predictor. The stand'-rd deviation for each data set was then computed

and used to provide an ind.iation of the prediction error, The predictors used

were ruaning means, rnnning medians and weighted means for each hour. The

value computed from the past data was used to predict the value of foF2 for the

sume hour in 3-4 5-, 7-, 9- and 16-day intervals. A prediction was made for

every hour of every day and the deviations at each hour were grouped into the

normal monthly intervals.

Comparing both the standard deviations between predictor and observation as

well as the number of times a particilar predictor came closest to the observa-

tton showed that the weighted mean predictor was the best possible oredi, 'ion tech-

nique of those that were investigated. A simple weighting scheme was used in

computing the weighted mean predictors and was of the form
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(m D + (m-1) D 2 + D D
Weighted Mean Prediction -1 -2

m

i= 1

where m is the number of days used in computing the weighted mean and D 1 is
the value of foF2 the day preceding the prediction day; D 2 is the value of foF2 two

days preceding the prediction day and D is the value of foF2 m days preceding
the prediction day. If a value for a particular day were missing, no prediction was

made for that day.
Figure 5 shows the diurnal behavior of the standard deviation in MHz that re-

sults using P. 3-, 5- and 7 -day weighted mean prediction for the months indicated

using data observed at Slough, Lindau and Moscow during 1958. Also shown for
comparison is the standard deviation about the observed monthly median value of
foF2. Other than for a few hours centered near midday in March, the standard
deviation either closely agrees with or is less than the standard deviation about the

observed monthly median. Obviously, if predicted monthly median values were
used, then standard deviation about the predicted median would be larger thanthose
computed about the observed median. For all practical purposes, results shown
in Figure 5, along with those from other stations, indicate that using past foF2

data as a predictors the standard deviation can be reduced to or closely match that
computed from the observed median. The inherent advantage in using past dbserva-

tions to predict future values of foF2 lies in the fact that the parameter itself is

used in the prediction and there are no dependencies on independent geophysical

variables which could be a possible source of error.
Judging from Figure 5, there appears to be little difference in the standard

deviations using a 3-, 5 -, or 7 -day weighted mean, and in principle, any of the
three should yield comparable results. In practice, however, it would be desirable
to keep to a minitnum the amount of data needed to make an accurate prediction

and it would appear that the predictor requiring the smallest datn base would be
the optimum to implement. We chose to use the 5-day weighted mean as the

predictor,

Desp•te the fact that observations of foF2 can be used to predict future values
of ioF2 with an accuracy comparable to 'that ao observed median, the standard de-
viatlons, at least during solar maximum, are quite large at certain times. The
question arises as to how useful are observation& gathered on a time scale 108s

than 24 h in reducirAg the prediction error. To test this out, it was assumed that
data are evailable one to six hours in advance o! the time a prediction Is to be
made. These data were used to 'update' the 5-day weighted mean prediction.

ax
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The updating scheme employed was a straightforward percentage change. If data

were one hour old and if the difference between the observation and the 5-day

weighted mean prediction was ten percent at that hour then the 5-day weighted mean

for the next hour was adjusted by ten percent. Similar schemes were applied to

data that were 2-, 3-,,.. 6-h old.

Figure 6 shows the diurnal variation of the standard deviation resulting from

updating thz 5-day weighted nxean with data that are 1-, 2-, S-, 4- and 6-h old

ustng the same stations illustrated in Figure 5. It can be seen that the amount of

improvement in the prediction (smaller standard deviation) gcneradly decreases

with increasing time lag used in the updating process. There aý-e times (0600 h

LMT in March and 0900 h. LMT in December) when the only improvement afforded

is obtained using data 1-h old while at oth'r times, particularly during the midday

period at equinox and most all hours during the summer- solstice, data up to

4-h old. yield significant improvements in the predictioik of foF2, During the

winter iolstice, it appears that data over 2-h old applied in the manner as des -

cribed above, are of little use in reducing the prediction error.

The effect of short-term data in reducing the prediction error in foF2 clearly

has a diurnal dependence, Data observed shortly before or at local sunrise are of

little use in updating the 5-day weighted mean except within 1 or 2 h after sunrise.

On the other hand, foF2 observed around 0900 h LMT can be used to reduce the

prediction error for a time period 3 to 6 h in advane. .At periods surrounding

local sunset, a behavior comparable to that at sunrise is seen.in the effectiveness

of short-term observations of foF2 to reduce the prediction error. Generally, it

can be said that when the ionosphere undergoes slgnificant changes such as accom -

pany the sunrise and sunset transitions, observations of foF2 before such transi-

tions are of little value when applied to the updating scheme used here.

Figure I shows the comparison between the standard deviations obtained using

the median foF3. the 5-day weighted mean foF2 and the 5-day weighted mean

updated using the previous hour's observation for the 1984 data at Slough, Lindae

and Moscow. Generally, the 5-day weighted mean yields a better approximation

to the observed daily hourly values than does the observed monthly median. It

can be seen that in many instances updating the 5 -day weighted moan with data only

I-h old ',*es n t lead to a sinificant -reduction in the standard .deviatiUts. In

fact, in some instances (midday in December), such updating causes an increase

Wi the standard deviation. The difference in the effect of short-term updating in

toF3 C 1.t is observed between solar maximum and minimum is probably associated

with the fact that the ionosphere during soLa.,r mininiun Is not subjected to aai many

of thei large-scale perturbations that occur during solar miaxnmwvn conditions.
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These perturbations, due to geophysical phenomena, such as solar flares and geo-

hour. Tusdat obaine ovr fve ayswould be inherently more variable

during solar maximum than during solar mninimium. This would imply that data
taken in hourly increments should have a larger effect on reducing the overall
ionospheric variability during solar maximum conditions than during solar min-
mum conditions.

It is quite conceivable also, that the degree of Improvements afforded by short-
term updating is a strong function of the updating scheme Itself. We have given
equal weight in the updating procedure to all data. It Is probably more reasonable
to weigh tho effect of the observation used in the short-term update according to
the lag between the time the observation is made and the time it is applied to cor-
rect the 5 -day weighted mean prediction. Thus, smaller weights would be used as

t~elag increases. However, the aniount of improvement In the prediction by using
decreasing weighting factors becomes correspondlingly small, thus diminishing
the usefuness of short-term updating,

4. DMSUSFROIN

The results described in the previous sections clearly show that the F2 region

~S far more variable than either the E or V'1 r'ggione. The relative variability of
foF2 about the obsierved tmedian is two to Owuee times that of foE and foF I. The
standard deviations of foU and foF 1 about the observed monthly medians tire such

"ineial Vahc oftl parameterB at a particular hour provides a
rowaonable estimate of the daily hourly val'~e at mid-latitudes. This would imaply
that i!P -1 ~cziUvaw ;4uiuoius buch as described by Barghausen et al, (1980i) ant'.
Hoadrick et al. (197 1), which rely on monthly medimi toncapherie predictions, can
be employed with soine itonfidence in day-to-day operatAoml for these propagation

pah htare. controlled by the normial Ei and F 1 regions, For the P2 rogion, no
sunh statement can be uAnde, The atandard deviation of foF2 typically varies fromi

mmxmur. Ucetaitie o dtwifs orerin tM whn andi-lt biuetaais<~

anteorder of to t Hz dmonth aly a meianiuan2a5 1zdig'ur
jnuutu. assurning tema yvdanvaltu of foF2 can be accur"Lely predioted.

oavoid errors associated with the inability to privdict %he monthly Inedian
V1iu f oE2 trAwitly. a prediction scheme based on ibsorvailwa of toP2 observed
ovra5day period has moen shown to yield results that are eomparAble to or better

than th oberved suouitliy modi"n In addtion, it has been aeoa that during certain
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times, particularly daylight hours at solar maximum, observations of foF2 ob-

tained in hourly, bi-hourly or tri-hourly intervals can be used to produce signifi-

cant improJvement in the prediction of foF2. Whether such a scheme is cost-

effective, however, is open to serious question. It appears that using the statistical

type of approach adopted here, an uncertainty on the order of 0.5 MHz will be found

at all times. A further limitation is that the predictions depend oai observations at

particular locations. These predictions must then be extended or extrapolated to

regions where data are not available, such as over the oceans. This limitation

can, however, be minimized somewhat by employing a synoptic mapping technique
such as described in a previous report (Rush, 1972).

There appears to be little doubt. that further work Is required in order to
specify, model and predict the ionospheric structure if euchefforts ae rtobe applied

to the prediction of day-to-day HF propagation characteristics. The mnost impor-

tant area is in the prediction of fcF! itself. As means have been devised that yietd

predicted values of foF2 with a standard deviation of 0,5 to 0.7 MHz using simple

,statistLcal techniques, any future approaches, be they mathsmatical or physical,

must yield yet smaller standard deviations if they are to be of any further opeera-

tional use.
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