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Abstract—Thedaily solar radio flux values at 9400, 3750, 2000 and 1000 MHz and at 2800 MHz observed since
1957 at Toyokawa and Ottawa, respectively, have been used to provide new information on the solar radio
fluxes as indices of solar activity. After an examination of the yearly mean values at each frequency, another
investigation based on mean ratios during periods of 18 or 6 months indicates that a close connection is
observed between the radio fluxes in the cm region and that anomalies related to calibration problems can be
detected. The regression analysis of the daily values of the fluxes during at least 25 years and a special test on the
sensitivity may provide final information on the stability of the data with respect to time and solar activity. The
method is capable of detecting long-term trends corresponding to instrumental drifts. Such information is
essential to our understanding of anomalies detected in the observations of u.v. and X-ray irradiances.
However, such a method is based on a linear relationship. When a quadratic form, as it is observed in the
decimeter region, is adopted, the effect of the various levels of activity in a solar cycle must be considered.

1. INTRODUCTION

Since the introduction by Wolf in 1847 of the so-called
Relative Sunspot Number, a great many investigations
of the variations in solar activity have been made. Also,
for many years, other methods for evaluating the
characteristics of sunspots have been adopted ; these
include the projected and corrected areas of spots,
which have been determined at Greenwich since 1874,
the studies of the classification and evolution of spots
carried out at the Zurich Observatory and the
investigations of the complex magnetic field in and near
spot groups that have been undertaken at the Mount
Wilson Observatory. In addition, all the solar
phenomena that can be observed by optical means at
ground level have been considered as indices of solar
activity ; these include photospheric faculae, H-alpha
and Ca™ flocculi appearing as chromospheric plages,
prominences (dark filaments when projected on the
solar disk) and, more recently, the green (5303 A) and
the red (6374 A) coronal lines.

The essential problem is to find which of the various
observable solar phenomena that vary with changes in
the level of solar activity can be reduced to numerical
indices representing these changes as closely as
possible. Such indices must be suitable also as
indicators of the level of solar activity in studies of
various geophysical phenomena. It is necessary also to
have indices which represent the way in which
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geophysical phenomena are influenced by changes in
solar activity; in this field, the reviews prepared by
Mayaud (1980) for geomagnetic indices and by Minnis
(1964) for ionospheric indices are well known.

Nowadays, rockets and satellites make it possible to
observe solar radiation in the u.v. and X-ray regions. It
seems possible that information on these radiations
might also be obtained indirectly by the observations of
solar events known to be related to various spectral
irradiances. However, many more observations will be
needed before it becomes possible to form a complete
picture of the periodicities associated with the Sun and,
in particular, with those relating to its projected surface
as seen from the Earth: the solar disk.

Another method for studying changes in solar
activity has proved to be fruitful ; this is the use of solar
radio emissions in the cm and dm wavebands, which
originate at different levels between the chromosphere
and the corona and which can form the basis of solar
radio indices. The radio fluxes can be regarded as fairly
objective indices of solar activity, so long as it is
accepted that they refer to the disk as a whole and not to
specific features. The characteristics of the radio fluxes
in the region between 3 and 30 cm have been closely
studied, and the present article is concerned mainly
with the most relevant correlations between the
different fluxes, and with the accuracy of the
observational data.

2. OBSERVATIONAL DATA

Extensive solar radio flux observations have been
conducted since 1946 at a wavelength of 10.7 cm (2800
MHz) at Ottawa by the National Research Council of
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Canada, and since November 1951 at 8 cm (3750 MHz)
at Toyokawa by the Institute of Atmospherics of
Nagoya University. Other regular observations have
been made at Toyokawa at 3.2 cm (9400 MHz) since
May 1956 (Tanaka and Kakinuma, 1956),and at 15cm
(2000 MHz) and 30 cm (1000 MHz) since just before the
International Geophysical Year (Tanaka and Kaki-
numa, 1958).

In the early days of monitoring solar radiation in the
cm and dm bands, the accuracy of the daily calibrations
was generally poor, and several years elapsed before
final and successful conclusions were reached
concerning the absolute values of the radio flux. In his
analysis of the various causes of temperature variations
at the thermopause, Nicolet (1960) pointed out that the
radiation fluxes at certain radio frequencies were not
reliable indices. The correlation, or the lack of
correlation, between various atmospheric parameters
and several published values of radio fluxes were
spurious because of drifts of instrumental origin
(Nicolet, 1960, 1961). It appeared also that, when the
errors in the calibration of certain radio measurements
were eliminated, the radio fluxes at all wavelengths
between 3 and 30 cm varied in almost the same way with
changesinsolar activity. Nevertheless, it is possible that
systematic errors are also present ; for example, when a
periodic seasonal variation arises because of the
assumption of constant sky temperature. Other
systematic errors may have been introduced, par-
ticularly at the shortest wavelengths, by variations in
the attenuation of thelower atmosphere. Finally, in any
series of routine observations, sporadic fluctuations
that are not related to the solar radiation may occur.

Before the International Geophysical Year, an effort
was made at Nagoya and at Ottawa to estimate the
internal consistency and the absolute accuracy of the
measured radio fluxes in the microwave region (Tanaka
and Kakinuma, 1953, 1956, 1958; Covington and
Medd, 1954; Tanaka, 1955; Medd and Covington,
1958). At 3, 8 and 10 cm, the errors reached 10% and
were even greater at 15 and 30 cm. An analysis of the
correlation between the solar radio flux and the
temperature of the upper atmosphere made by Nicolet
(1963) indicated that certain systematic errors were
associated with differences in behaviour at a few
wavelengths. At various other observatories (Fig. 1) it
was found that several radio fluxes between 3and 30 cm
were affected by inaccuracies in the daily calibrations,
arising from instrumental effects (Kriiger et al., 1964).
As a result, for example, Priester and Martin (1959)
found spurious correlations between atmospheric
densities deduced from satellite drag and the 20 cm flux
as observed in Berlin (see Fig. 1), while Nicolet (1963)
was using the correct data from Nagoya and Ottawa.

Finally, a paper was published jointly by Tanaka
(Japan), Castelli (U.S.A.), Covington (Canada), Kriiger
(DDR), Landecker (Australia) and Tlamicha (Czecho-
slovakia): Tanaka et al. (1973). This paper contains
a complete history of the problems of absolute cali-
brations, so as to avoid confusion, and it includes
correction factors designed to convert the published
routine observations of flux into consistent series of
values. This led to the publication of two booklets of
practical value:

(a) Complete Summary of Daily Solar Radio Flux
at Toyokawa Observatory by Tanaka (Nagoya
University, February 1975). This contains a list of
corrected absolute values from the beginning of the
observations up to Decermber 1974,

(b) A Working Collection of Daily 2800 MHz Solar
Flux Values 1946-1976 by Covington (National
Research Council of Canada, August 1977). In this, all
the important errors that had been detected were
removed (Covington, 1948, 1953, 1966).

We have used these two publications, and the
subsequent monthly supplements, as the basis for our
study of the behaviour of solar radio fluxes in the
microwave region from 3 to 30 cm during a period of
more than 25 years, between 1957 and 1983.

3. GENERAL TRENDS IN RADIO
SOLAR FLUXES

One of the first investigations of the variations in
radio flux must be to study the yearly mean values.
These are listed in Table 1 for the period 19571983 and
are expressed in the usual units: 10722 Wm~2 Hz™ 1.
The values quoted are those actually observed; for
example, those for Ottawa correspond to the yearly
mean values at 2800 MHz (Series C) observed daily at
1700 h UT. The relative sunspot numbers are given in
the last column of Table 1 so as to illustrate the relation
between the radio flux and the oldest of all the indices of
solar activity. The minimum values of the Wolf number
(10and 13)occurin 1964 and 1976.1In this connection, it
is worth pointing out that the Relative Sunspot
Number (R) is defined by the relation R = 0.6 (10g+f),
where gis the number of spot groups andfis the number
of individual spots; the constant factor 0.6 has been
introduced by the Swiss Federal Observatory
(Waldmeier, 1966). The minimum possible value of R is
obviously zero, but the next lowest value is 7, since one
isolated spot gives R = 0.6 (10+ 1) = 6.6 Similarly, the
number 10 would result from one spot group
containing 6 or 7 spots, and 13 from two groups each
containing only one spot.

Table 1shows that the minima and the maxima in the
yearly mean values occur simultaneously at all
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FiG. 2. RATIO OF SOLAR RADIO FLUXES (ANNUAL AVERAGE) TO FLUXES IN 1964 (QUIET SUN) AT 3, 8, 10.7, 15
AND 30 cm.

wavelengths : in 1964 and 1976 for the minima, and in
1957-1958, 19691970 and 1979-1981 for the maxima.
It can be concluded that, even though the sunspot and
the radio flux cycles may not be identical, the yearly
minima and the maxima coincide with each other.

For the period 1957-1980, Fig. 2 shows the ratio of
the yearly mean flux values to the mean for 1964;
minima occurred in 1964 and 1976. Asin Table 1, it can
be seen that the amplitude of the variations at 3 cm
is small as compared with the amplitudes at other
wavelengths; the greatest amplitude is at 15 cm. The
general character of the yearly mean variation is the
same at all frequencies between 10,000 and 1000 MHz.
On the other hand, if the yearly mean values of the radio
fluxes are compared with each other, it becomes clear
that the relations are not identical. The fluxes at 10 cm
are compared with those at 3 cm in Fig. 3, and with
those at 8, 15 and 30 cm in Fig. 4; as can be seen, the
scatter of the points is much greater at 30 cm than at
3 cm. The yearly mean values at 3 cm can be expressed, in
terms of the values at 10 cm, by a linear regression with
an accuracy better than 29, except for the year 1960.
Figure 5 shows the linear regressions between the
yearlymean fluxesat 3and at 8 cm, and here also thereis
a discrepancy for the year 1960. It is concluded that
there must have been an error in the final adjustment of
the instruments at 3 cm, and this question will be
discussed later. Small systematic differences, which
occur between 1965 and 1969, should also be con-
sidered as anomalous results related to calibration
problems.

Figure 4 illustrates the increase in the scatter of the
points as the wavelength is increased from 8 cm (less
than +39%) to 30 cm (greater than + 5%); this may be
attributed partly to a decrease in the accuracy of the

measurements, and partly to real differences in the flux
variations as a function of wavelength.

It seems necessary, therefore, to analyse the data in
other ways and to try to determine whether there are
systematic differences in behaviour during certain
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Relationship better than +3% at 8 cm. Relationship better
than +4and =+ 5% at 15 and 30 cm, respectively, except at low
and high values of the solar flux corresponding to a quadratic
relationship.

periods. In order to avoid introducing spurious annual
or seasonal effects info the analysis, we have first
divided the data into 16 periods of 18 months between
1 July 1957 and 30 June 1981. The first period
corresponds to the IGY: 1957-1958. In order to
provide a common basis for comparing the different
radio fluxes, we have constructed Tables 2a and b which
refer to the 10.7 cm flux measured at Ottawa, but
adjusted toa Sun—Earth distance of 1 AU, for the period
1957-1980. All the flux values have been divided into
activity classes of width + 5 unitsin Table 2a and +10
units in Table 2b. Each of the numbers in these tables
represents a “period ratio” ;i.e. theratio of the flux fora
given period in a given activity class to the mean value
for all the periods within the same activity class. In
Table 2a, all the ratios lie within the range 1+0.01,
except for a very few cases where the departure reaches
0.02. In Table 2b, the departure from unity at very low
levels of solar activity are greater because of the greater
width of the activity classes whence because there are
real differences between 18-month periods at low solar
activity ; all these differences are included in the range
75+7.5 (= +10%).
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Relationship better than 429 as illustrated in Fig. 3.
Anomalousresultin 1960, but normal valuesin 1959 and 1961.
Also systematic differences occur from 1965 to 1969.

Theabove analysis of the behaviour of the flux at 10.7
cm shows that it can be used as a reference in studies of
the fluxes at other wavelengths. Therefore the fluxes
observed at Toyokawa at 8 and 15 cm have been
analysed by calculating period ratios in the same way
as for the 10.7 cm flux at Ottawa. Note that the activity
classes used in Tables 2-6 are all defined in terms of the
flux at 10.7 cm. In Tables 2a-6a, the width of the classes
is 10 units, while in Tables 2b-6b the width is 20 units.
Tables 3a and b correspond to Tables 2a and b,
respectively, but they refer to the 8 cm flux at Toyokawa
(vs the 10.7 cm flux at Ottawa). The period ratios in
Tables 3a and b are uniformly distributed for all levels
of solar activity over the whole 24-year period with a
variation of +0.02, except for a few periods where they
reach 1.04 and 1.06. Nevertheless, it appears that there
are some smalfl systematic variations in the ratios with
time ; the smallest values occur in Periods 1-16,and the
largest in Periods 9 and 11. Otherwise the general
uniformity is excellent, and even the maximum
departures from unity are small. Tables 4a and b
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Solar radio fluxes as indices of solar activity

(Toyokawa, 15 cm) were constructed in the same way as
Table 3 ; the general behaviour of the ratios is similar,
and the majority lic within the range 1.004-0.05 for the
activity classes of + 5 units. However, during Periods 3
and 4, near the minimum of the solar cycle, there are
important differences which can best be seen in Table
4b. If the amplitude of the differences found at 15 cm
were due to a wavelength effect, even greater differences
would be expected at 30 cm; this expectation is
confirmed by the ratios in Tables 5a and b where the
scatter is much greater than in Tables 3 and 4. Ratiosin
a range as great as 1.004+0.10 confirm that the be-
haviour at 30 cm is not comparable with that at the
shorter wavelengths. Other methods of treating the
data must be used if conclusions are to be drawn
concerning either the accuracy of the measured data or
the physics of the Sun. The various anomalies described
above will be examined in greater detail later.

At the short-wave limit of the radio fluxes examined
here, the flux at 3 cm is of special interest because, as
pointed out earlier, the variation of the yearly mean
values during the solar cycle is much smaller than for
the other wavelengths. Tables 62 and b show clearly
that the ratios remain within the range 1.00+£0.02
except for the abnormally high values in Period 3. This
period corresponds to the year 1960 for which an
anomaly has already been indicated in the discussion
on the yearly mean values.

From this general study of the radio fluxes in the
range 3-30 cm, it is concluded that the observations
made over a sufficiently long period at Ottawa and
Toyokawa can be used as indices of solar activity
provided one accepts uncertainties of between +2 and
+5%, for mean values corresponding to several
months.

4. GENERAL DISTRIBUTION OF
DAILY RADIO FLUXES

In order to examine more closely the behaviour of the
cm and dm radio fluxes, we have repeated the
calculations described in Section 3. However, instead of
calculating the “period ratio”, which refers to the mean
flux during a period of 18 months, we have calculated,
for the wavelengths 3-30 cm, the “daily ratio”: ie. the
ratio ofthe flux ona given day to the mean fluxfor all the
days in the same activity class. These calculations refer
to the 8646 days in the interval 1957-1980, or to the
9741 days in the interval 1957-1983.

The degree of similarity between the ratio on a given
day at 10 cm and the ratios for the same day at the other
four wavelengths is illustrated in Fig. 6; for the
wavelengths 3, 8, 15 and 30 cm, Fig. 6 shows the
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SOLAR FLUXES (RATIOS TO 10.7 cm)
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g
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Fic. 6. FREQUENCY DISTRIBUTIONS OF THE DIFFERENCES
BETWEEN THE “DAILY RATIOS” AT 10.7 cm AND THOSEAT 3, 8, 15
AND 30 cm (SEE SECTION 4).

frequency distribution of the number of days on which
the difference between the daily ratio at 10 cm at the
wavelength in question equalled +1, 429, etc. As can
be seen, 95%; of the ratios at 3cm and 96%; at 8 cm donot
differ from the ratios at 10 cm by more than +5%. At 15
and 30 cm, 95% of the ratios lie within +8 and +15%,
respectively.

The number of days on which the ratios for 3, 8, 15
and 30 cm differed from those for 10 cm by a given
percentage or less is illustrated in Fig. 7. At 30 cm, only
95% ofthe ratios are within +15% of thatfor 10cm, and
only 809, are within 10%,. On the other hand, 999 of the
ratios at 15 cm are within +15%, while at 3and 8 cm,
99%; are within 10%,.

Figure 8 is similar to Fig. 6, but it shows positive and
negative differences separately. The similarity between
the distributions for 3 and 8 cm is obvious ; all the ratios
agree within + 10%, except for 0.2%{ contained in a tail
that extends from 10 to 12%. The width of the
distributions increases with wavelength and attains
15%; at 15 cm, and 209 at 30 cm on a small number of
days. If differences of +10%; are considered as random
differences between 3, 8 and 10 ¢m daily values, such
fluctuations should occur in any analysis of the relation
between solar activity and solar radio fluxes.
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FiG. 7. THE CURVES SHOW THE NUMBER OF DAYS ON WHICH THE
DIFFERENCES BETWEEN THE “DAILY RATIOS” AT 10.7 cm AND

THOSE AT 3, 8, 15 AND 30 cm WERE EQUAL TO OR LESS THAN A
GIVEN PERCENTAGE (SEE SECTION 4).

5. REGRESSION ANALYSIS OF DAILY
RADIO FLUXES

In order to obtain numerical relations between the
daily values of the fluxes, a regression analysis of the
daily fluxes (F) and of their 27-day running means (F)

'l’llglllll!l]‘lillll]lll:

SOLAR FLUXES (RATIOS TO 10.7¢cm) ]

T T

*—e 3cm 1
Oo=0 8ocm "
A——p 15cm
’ A= 4 30cm

20 |

10
1957-1980
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i ¢y vt
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as

MR |

/
o2
7

g_1l:[ull”l 1!1/:1! I\Ll
—-20% -5 —-10 -5 Q +5 +10 +15

+20%

F1G. 8. As FOR FIG. 6, EXCEPT THAT POSITIVE AND NEGATIVE
DIFFERENCES ARE SHOWN SEPARATELY (SEE SECTION 4).
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has been made. The relations 1-4 below express the flux
at a given wavelength as a function of the flux at
10.7 em; CC represents the correlation coefficient and
D the standard deviation:

Fy =254 1+026{ %7 "= —65\| ¢ b 1
3= L+ K 1000 )J 0970 75 (1@
= Fi9.,—65
Fy = 25514026 —So0 )| 0985 49 (b)
i Fio.7—65
Fe=T2 1+1.20( 101-;0 )] 0993 42 (2a)
- [ 10.7—65
Fg =73 1+1.17 ) 0998 23 (2b)
i Fio.7—65\]
Fi5=50 1+1.66( 101;0 ) 0992 45 (3a)
7 [ ”'10.7"65 ]
Fys = 50| 1+1.69( =% 0996 30 (3b)
Fi0,—65Y]
Fao=43{ 14137 o) | 0974 66 (4a)
Flo,—65\]
F30—41|:1+152(%766———> 0.989 41  (4b)

As can be seen, the use of the 27-day running mean
increases the correlation coefficients and reduces the
scatter.

In Figs. 9-12, the daily values of the flux at 30, 15, 8
and 3 cm respectively are plotted against the flux at 10
cm. Figure 9 shows that, at 30 cm, only 809 of the values
lie within 4 10% of the values given by the regression
line. A quadratic regression represents the distribution
somewhat better, but the problem of the scatter of the
points remains. It must be accepted that the data
available at 30 cm are unsuitable for making direct valid
comparisons with those at the other wavelengths. A
more detailed analysis is required.

At15cm(Fig. 10) the scatter of the points is much less
than that at 30 cm ; the linear regression line gives the
values to within + 109/ for over 95% of the points,and a
quadratic regression makes little difference to the
correlation coefficient or the scatter.

Table 7 lists the flux values given by the linear and the
quadratic relations for each of the four wavelengths for
given values of the flux at 10.7 cm. Clearly the linear
relation is inapplicable at 30 cm, and it can be applied
only partially at 15 cm because of the considerable
departures at low and high fluxes. At 3 and 8 cm, the
linear regression is completely satisfactory. Figure 11
shows that, at 8 cm, 99% of the points are within + 10%
of the regression line represented by equation (2a).
There are a few isolated points and, in particular, those
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FIG. 9. SCATTER DIAGRAM LEADING TO THE DETERMINATION OF THE CORRELATION BETWEEN OBSERVED DAILY
FLUXES AT 30 cm aND 10.7 cm.

Thelinear regression lineindicated in this diagram is also shown in Fig. 4 and is given by formula(4a). Ascanbe

seen, the dispersion of the points above and below the linear regression line may exceed 10%,. A quadratic
: regression curve is also shown.

atFqg.» = 91and 261 correspond to 21 September 1963
and 28 June 1957. Comparisons with all the
observational data lead to the conclusion that the value
91 at 10.7 cm oughtto be 121, a value which is consistent
with the value at 8 cm, namely 141, Similar detailed
comparisons could lead to corrections to other
abnormal daily values. However, since our objective is
to determine solar activity indices that are applicable
over longer periods, no further attention will be given to
abnormal values which may often be interpreted as
typographical errors.

For the relation at 3 cm, shown in Fig. 12, 95% of the
points lie within + 5% of the regression line, 97.5%,
within 7.5%, and more than 99% within +9%,. As for 8
cm, the isolated points at Fy, » = 91 and 261 can again
be seen. Another isolated point occurs at Fq ; = 190
and F; = 438 on 14 November 1960. This abnormality
is due partly to the fact that this date coincided with the
maximum activity in a 27-day period, and partly to the
systematic positive errors in 1960 already mentioned.

When discussing Figs. 4 and 5, we have already
pointed out that, for 3 cm, the mean value for 1960 is
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FiG. 10. SCATTER DIAGRAM LEADING TO THE DETERMINATION OF THE CORRELATION BETWEEN OBSERVED DAILY
FLUXES AT 15 anp 10.7 om
The regression lineindicated in this diagramis also shown in Fig. 4 and is given by formula (3a). Ascan be seen,
the dispersion of the points above and below the linear regression line seldom exceeds 10%. A quadratic
regression curve is possible (see Table 7).

displaced from the values for the years 1957, 1958, 1961
and 1962 (Fig. 5), and indeed in relation to all the data
for the period 1957-1981. In 1960, the daily variations
of the flux at 3, 8, 10, 15 and 30 ¢m indicate that the
amplitude of the changes in the flux during the course of
the 27-day cycles cannot be the same for all
wavelengths. Moreover, variations of 5-10%; from one
day to the next may be attributable to differences in the
times at which the observations are made. Also the
corrections that are applied when the period of
observation includes a burst may mask the true mean

values. Assuming that thereis an average error of about
3% in 1960, based on averages deduced from
observations made over a decade, it is concluded that
the error reaches 4%, during the second half of the year.
Thus most of the points on the scatter diagram that lie
outside the 10%; limits (between F,, ; = 150 and 200)
must be corrected by using the values of the flux at 3cm
as given by the linear relation, equation (1a).

Finally, for the years 1959~1962, we have determined
thelinear regression lines relating the daily flux at 3and
8 ¢cm, and at 3 and 10.7 cm, and also the correlation



TABLE 7. LINEAR AND QUADRATIC APPROXIMATIONS OF SOLAR RADIO FLUXES AT 3, 8, 15 AND 30 cm v THE FLUX AT 10.7 ¢m

Quadratic (%)

Linear

30 cm

15

30

15

10.7

38

74
106
133
155
173
187

47

73
115
158
201
245
289
334

256
288
320
352
385
417
448

42

50

73
115
158
201
244
287
329

256
288
320
352
385
417
449

65
115
165
215
265
315
365

93
135

72
102
132
162
192
222

91
132
173
214
256
297

174
209
241
270
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.99 .99 .98 .97 .99 .99 .98

0.97

Correlation coefficient

Standard deviation

* The quadratic effect should be considered at 15 em and it is important at 30 cm.

coefficients (CC):

1959

F;=1824+086F; and F;=180+081F,,
with CC = 0.95 with CC =091

1960

F,=216+072F; and F,=233+058F,,
with CC = 0.80 with CC = 0.72

1961

F3;=1984+079F; and F;=208+0.70F,
with CC =091 with CC = 0.90

1962

F3;=208+064F; and F;=216+0.60F,
with CC =091 with CC = 0.90.

These results show that the correlation coefficient is
usually greater than 0.90, but that in 1960 it falls to 0.80
and 0.72 for 8 and 10.7 cm, respectively. This confirms
that the anomalyin the 3 cm fluxes in 1960 appearsinall
the analyses and cannot be assumed to have a physical
origin.

6. DETECTION OF DRIFTS IN RADIO FLUXES

In order to show how an abnormality or drift can be
detected, the daily values of the observed flux at 10.7 cm
have been placed in 16 classes each having a width of
+5 units and extending from 7045 units to 220+ 5
units; the values above 225 units have not been
classified because there are too few of them. The values
corresponding to each class are plotted in Fig. 13. In
order to separate the various classes, the ordinates have
been incremented by 20from F; 4y (10cm) = 70+ 5up
t0 220+ 5;1.c. for 16 classes, N =0 for the class 70+ 5, N
= 2fortheclass 80 +5and N = 15for the class 220+ 5
units. Therefore, the relation between the plotted values
of the flux (Fogp) and the observed values (Fopg) is

Forp(10 cm) = Fops(10 cm)-+20 N. )

The first of the 16 classes just mentioned (704 5)
corresponds to the minimum in the solar activity cycle:
Fy 4u(10.7 cm) = 65 units. In Fig. 13, the abscissa
represents the number of days counting from 1 May
1957 and extending up to 31 December 1980. Ideally,
the points in each of the horizontal bands ought to be
distributed uniformly within the limits of 45 units.
Sinusoidal variations are actually found and corre-
spond to the semiannual variation in the Sun-Earth
distance; the resulting variation in the irradiance of
+3.39%, can beeasily detected in the figure and is a test of
the sensitivity of the method. If the observed values are
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F1G. 11. PLOT OF DAILY FLUXES AT 8 cm Vv§ THOSE AT 10.7 cm AS IN FIas. 9 anD 10.
As can be seen, the dispersion of the points above and below the linear regression line corresponds to +10%.

first adjusted to what they would be for a Sun-Earth
distance of 1 AU, then the sinusoidal variations must

disappear leaving horizontal bands as shown in Fig. 14
where:

Fopp(10) = F 5u(10)+20 N. 6

Thepointsincluded in Figs. 13 and 14 arereproduced in
a different form in Fig. 15 in which the relation between
the observed flux at 10.7 cm is plotted against the flux
adjusted to 1 AU ; the scatter of the points lies in the
range +3.3% and illustrates the semiannual variation
in the Sun—Earth distance.

Figures 16 and 17 have been constructed in the same

way as Figs. 13 and 14 respectively, but they refer to the
daily flux at 3 cm. In Fig. 16, the relation between the
plotted values of the flux (F grp) and the observed values
{Fogg) is given by :

Forp(3) = Fops(3) + 100 N )

indicating that the ordinates are incremented by 100
when the 10.7 cm flux at 1 AU increases by one class,
from 70+ 5 (N = 0) to 220+ 5 (N = 15).

In Fig. 17, the observed values have been adjusted to
correspond to 1 AU and, as before, the sinusoidal
variations due to the changing Sun-Earth distance
have been eliminated. The values of F ogp in Fig. 17 are
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As can be seen, except at medium and high levels of solar activity, the dispersion of the points above and below
the regression line is usually less than about 5%,

given by:
Fopp(3) = F; 4u(3)+ 100 N. ®

However,a moredetailed examination of Fig. 17 shows
that the bands of points are not completely horizontal
for a period of several hundred days between Days 1000
and 1500; a systematic increase in the flox values
{underlined) can be seen. This anomaly corresponds to
a drift in the observational data at 3 cm during 1960.
Thus the anomaly at 3 cm in 1960, which was found
earlier during the analysis of the yearly means and the
daily values, appears again in the form of a systematic
trend at all levels of solar activity in 1960.

The comparison between the fluxes at 8 and 10 om,
illustrated in Figs. 11 and 18, shows that practically all
the fluctuations are less than -+ 10%,. It is possible,
therefore, to say that the observations made at these
two wavelengths ought to be used simultancously in the
search for correlations between various phenomena
and solar activity.

Figure 19 is analogous to Figs. 14 and 17, but it refers
to the daily values of the flux at 15 cm during the 4400
days from 1969 to 1980. Although the points tend to
form horizontal bands for each level of solar activity,
there are several departures from the horizontal. There
appears to be a peak near Day 500, followed by a
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minimum near Day 1000, and then a further rise in the
values. This proves that the problems of calibration
that were pointed out by those who made observations
at 15 cm have not been completely resolved and that,in
spite of the corrections introduced (Tanaka et al., 1973),
errors still remain which perhaps may give rise to the
systematic trends just mentioned.

Finally, Fig. 20 is analogous to Figs. 1719 except
that it refers to the flux at 30 cm where the problems of
calibration are most difficult. Instead of horizontal
bands, there is a downwards trend in the values from
Day 1000, a rise after Day 3000 and a minimum after
Day 5000 (underlined in Fig. 20). In consequence, there
isaneed for amore detailed analysis of the flux values at
30 cm taking these trends into account. In view of the
considerable scatter of the flux values at 30 cm, and also
of the fact that the apparent temperature at this
wavelength is of the order of 200,000 K, and that the
radiation temperature at the centre of the disk is of the
order of 125,000K, a simple relationship cannot be
deduced directly. In any case, since a linear relationship
with the 10.7 cm must be replaced by a quadraticform, a
special analysis is required.

M. NicoLeT and L. Bossy

7. ANALYSIS OF MEAN VALUES
FOR 6-MONTH PERIOCDS

The results of the analyses described in the preceding
paragraphs have been tested using another method.
The year has been divided into two 6-month periods:
Summer (from the spring to the autumn equinox) and
Winter (from the autumn to the spring equinox). For
each period, the mean value of the flux at 3, 8,10, 15and
30 cm has been calculated and the results are shown in
Table 8 for the years 1957-1983. The mean values of the
Wolf Sunspot Number are also given since they will be
referred to in a subsequent analysis. Special attention
has been given to the fluxes at 3, 8 and 10 cm because, at
these wavelengths, linear regression analysis can be
applied without large error. As can be seen in Figs. 21
and 22, comparisons of the flux at 3 cm with those at 8
and 10 cm disclose certain anomalies ; for example the
points relating to 1960 lie outside the 2% dispersion
range which is characteristic of the other years. In order
to examine in more detail all the possible anomalies of
this kind, we have calculated the percentage difference
between the observed flux at 3 cm and the values given

TABLE 8. SIX-MONTHLY MEAN VALUES (S = SUMMER,

W == WINTER) OF THE SOLAR RADIO FLUXES AT 1 AU

YEAR DAYS 3 cm 8 cm 10 cm 15 cm 30 cm SUNSPOTS P n
1957 121 - 273 366 280 235 187 141 189 S 1
57-58 274 - 090 377 230 253 201 155 211 W 2
1958 091 - 273 363 216 237 187 149 189 S 3
58-59 274 - 090 368 211 227 177 141 179 W 4
1959 091 - 273 353 200 217 170 134 167 S 5
59-60 274 - 091 322 162 172 139 116 119 W 6
1960 092 - 274 332 160 169 135 110 122 S 7
60-61 275 - 090 304 122 125 99 75 70 W 8
1961 091 - 273 286 112 111 88 65 63 S 9
61-62 274 - 090 272 99 95 76 58 41 ) 10
1962 091 - 273 272 95 90 72 57 38 S 11
62-63 274 - 090 262 86 80 62 49 25 W 12
1963 091 - 273 266 89 84 62 50 33 S 13
63-64 274 - 091 259 83 77 57 45 26 W 14
1964 092 - 274 261 78 71 51 42 7 S 15
64-65 275 - 090 265 80 74 54 44 12 %) 16
1965 091 - 273 269 83 77 57 48 14 S 17
65-66 274 - 090 269 86 81 60 49 22 ) 18
1966 091 - 273 287 105 105 80 66 50 S 19
66-67 274 - 090 304 128 131 104 81 84 W 20
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TABLE 8 (continued)
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YEAR DAYS 3 om & cm 10 ¢m 15 cm 30 om SUNSPOTS P n
1967 091 ~ 273 307 133 140 110 87 83 8 21
6768 274 ~ 091 310 145 155 121 97 106 W 22
1968 092 - 274 308 138 144 114 94 107 5 23
68~69 275 - 090 316 147 150 122 96 111 W 24
1969 091 - 273 317 148 150 121 95 103 s 25
69-70 274 - 090 316 152 154 128 93 105 W 26
1970 091 - 273 321 155 156 131 101 108 8 27
70-71 274 - 090 306 151 143 117 87 83 W 28
1971 091 - 273 289 114 113 91 71 62 s 29
71-72 274 - 091 286 119 119 95 71 71 W 30
1972 092 - 274 297 126 126 103 80 75 8 31
72-73 275 - 090 278 105 103 81 64 47 W 32
1973 091 - 273 273 100 96 75 60 41 5 33
73-74 273 - 090 264 86 81 61 50 25 W 34
1974 091 - 273 272 95 90 70 55 41 g 35
74~75 274 ~ 090 266 87 81 62 49 23 W 36
1975 091 - 273 262 84 78 60 &7 18 s 37
75-76 274 - 091 259 81 74 56 46 12 W 38
1876 092 - 274 259 80 74 56 46 12 5 39
76-77 275 - 090 258 81 75 58 48 15 W £0
1977 091 - 273 268 92 87 68 55 28 8 41
77-78 276 - 090 285 114 112 92 72 56 W 42
1978 091 ~ 273 307 141 143 118 89 90 S 43
78-79 274 - 090 326 170 176 149 112 131 W 44,
1979 091 - 273 329 172 180 151 117 146 5 45
79-80 274 - 091 338 185 200 167 128 164 W 46
1980 092 - 274 333 183 197 163 126 155 5 47
80-81 275 - 090 339 187 201 167 126 146 W 48
1981 091 - 273 342 190 205 169 127 141 s 49
81-82 274 ~ 090 344 191 203 169 125 146 W 50
1982 091 - 273 316 158 165 136 105 108 s 51
82-83 274 - 090 308 144 149 124 100 87 W 52
1983 091 - 273 290 126 128 105 85 79 s 53

by the following two linear relations (for 8§ and 10.7 cm

respectively):

Fayom= 254[1 +e.3o(

and

Fyom= 254{1 —H}.ZG(

Fg—T12
100

Flo—65
100

®

I

The results are shown in Fig. 23, and it is clear that,
whatever the absolute value of the flux at 3 cm, most of
the differences lie within 129 of the values given by
equations (9) and (10). Besides the anomaly in 1960
which has already been noted, others are now
apparent: 1963 8, 1966 and 1980 S. Since the anomalies
in 1960 (Periods 7 and 8) occur at two different levels of
solar activity, as defined by the fluxes at 10 and 8 cm
{Tables 9 and 10, respectively) it is concluded that the
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problem is one of calibration and not of the structure of
the solar atmosphere. It should be noted that the high
values of the 3 cm flux in 1960, 1965 and 1966 have an
influence on the regression line (Fig. 23); but the
influence ofthe valuesin the 1970s and 1980sis opposite
in character since the values are less than those given by
the regression line (Figs. 5, 21, 22). A comparison, as in
Table 11, of the values of the flux at 8 cm with the
corresponding values at 10.7 cm shows, for example,
small anomalies during Periods 21 and 22 (—3%) and
Periods 26 and 27 (+ 3%,). Figure 24 shows that the 6-
month mean values of the fluxes at 8 and 10.7 cm agree
to within +3%,. As can be seen from Fig. 25, these limits
fall to + 2% if the anomalous periods are excluded:
Periods 21 and 22,1967 Sand W, and Periods 26 and 27,
1969 W and 1970 S. Figure 25 shows also that the
sequence of differences between 1967 and 1970
corresponds to a total change of 5 or 6%,: 1967 S
(—2.5%), 1967 W (—3%), 1968 S (—1.5%), 1968 W
(+1.0%), 1969 (+2%), 1969 W (+2.5%) and 1970 S
(+3.5%). Such a trend over an interval of 3 years
demonstrates the effects of systematic differences
arising from the conditions of observation, and not

M. NicorLeT and L. Bossy
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Figure 23 is based on the data illustrated in Figs. 21 and 22.
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from variations in either solar activity or the incidence
of various solar phenomena. The evidence confirms
that some caution must be exercised in studies of the
relations between different solar and terrestrial
phenomena; this is especially important when the
observational data have been obtained using rockets
and satellites, because of theincreased risk of changes in
the calibration and in the rate of instrumental drift,
neither of which can easily be checked.

The concept of the least-squares regression line
linking two parameters can easily be extended to a line
in three-dimensional space linking three parameters,
namely the daily values of the flux at 3, 8 and 10 cm.
Assuming that the errors at the three frequencies are
comparable, it is required to find the line that
corresponds to the minimum value of § = Zd? where d;
is the distance between the line and the point P; which
represents the three flux values on day i. In the
subsequent discussion, in references to the line defined
in this way, the term “space line” will be used for the sake
of brevity (see the Appendix). The projections of the
space line on the three planes defined by 3,8 and 10 cm
axes define the three two-dimensional regression lines
already discussed. Starting from the basic observational
data in Table 8, it is then possible to derive the



M. NicoieT and L. Bossy

542

G001 160 10T 001 201 62
766 00T 660 660 660 00T €01 8¢
L101 %01 0t 20T 20T 101 2Ol Lz
00T €01 00T 001 00T 101 9¢
8101 801 €01 10T 10T 101 201 114
€10t €01 €01 %01 10T 10% e
1001 00T 10T 660 0OT 201 24
066 001 00T 860 660 860 001 (44
€001 ¢0I 0T 00T 10T QOT 10T 201 1z
8101 %01 101 101 201 201 02
£201 T0T  ZOT 201 61
9101 660 101 Z01 81
201 101 701 L1
1101 101 91
S66 001 18
%86 860 860 Y1
66 00T 660 00T €1
166 960 001 (Al
1001 860 001 101 11
€66 £60 860 00T 001 01
€001 00T 001 101 60
¥E01 It §01 €01 201 201 80
0£01 20T %01 €01 €01 €01 10
Y66 G60 00T 001 00T 860 0QOT 90
€001 20T 10T 20T 660 00T 00T S0
%66 L0T 660 0L 001 860 OOl 860 860 Y0
G66 660 660 660 00T 00T 001 €0
866 001 00T 00T 660 660 10T 00T 001 z0
gvmcoﬁ QUNOﬁ Z0T €01 101 Q0T 860 660 ANVHO
:vmmm SIE G67 QLT SS¢  S€g SIT  S6T  GLT 68T S€T GIT  G60 SL0

+JOTNAd HINOW-9 V 904 108 ‘qy TT18V] NI SV WO ¢ LV XO'L NVEW HHL 40 SOLLYY ‘6 ¥I18v]



543

Solar radio fluxes as indices of solar activity

“wd /0T Y& ANALIO® IRJOS JO UOLIEOYISsEO Sy} 0} SUIPuodsairos wd ¢ 12 sonjeA UBSIA (o)

“umd /07 Aq PAULSP ANANOB JBOS JO [9AS] YOBD JOJ SHONEOYISSE[ : G [T SUIN]O)) ()
% T80+ = S007T { pouad yoes Jof OneI Y JO onjeA AFBISAY ()
Yl — =66 %+ = 0T *STBAL 97/(STIUOUI 9) UKD € ONTY ()
"Z867 01 L§6] woy {spoltad YIUOW-XIS ¢
"1 F XXX : UOTIROYISSEIO WO /07 (1)
WO L'OT 18 0T Yipia SSB[D 4

ks R AY} 60% €6¢ 9L €9€ 0S¢ 6£E 9cc GIE 20 83T viT (9 9T €01
8001 €01 10T 00T 10T 660 [49
586 901 860 860 860 860 660 L60 IS
666 00T 00T Q0T 00T 10T 10T 660 660 660 0S
686 L60 10T 00T 00T 001 860 [60 Q60 oY
886 10T 660 660 660 660 860 860 8y
6.6 960 660 L60 L60 660 860 860 Ly
886 860 660 660 860 860 660 9%
666 660 201 00I 00T 001 001 SY
S66 001 00T 660 660 660 ki
0001 660 00T 00T TOT €01 %
966 10T 10T 660 00T 660 201 Yy
L6b 660 660 001 184
686 960 660 oy
066 660 6¢
186 660 660 8¢
266 960 860 001 LE
866 860 001 00t 9¢
SO0t 00T 001 101 Se
S66 860 001 e
766 L60 860 660 101 €€
766 €01 860 660 101 (43
%001 ¢0T 00T 00T 10T 1€
986 960 L60 660 001 0t



M. Nrcoter and L. Bossy

544

(v

£66 860 660 660 660 001 101 8¢
L00T 660 101 001 01 {121 101 £01 Lz
1001 01 101 G0t 660 001 001 Z01 9z
7101 00T 001 10T 101 101 €01 j 4
7101 €01 %01 101 001 201 e
%001 10t 660 Q01 101 (414 jord
866 101 660 660 660 001 660 701 f44
10T (4118 101 101 10t T01 10T (A8 €01 1¢
L101 01 101 101 20T 01 €01 0z
L201 y01 (418 [408 €01 61
¥101 0ot 101 (408 18
®201 o1 €01 L1
Y101 201 91
866 001 g1
Y86 860 860 1
766 D01 360 001 €1
686 860 001 (A1
666 G60 660 001 101 11
86 960 860 660 nmvocﬂ o1
0001 0ot 660 001 Z01 60
8£0T 801 901 901 [AUS [40 €01 80
2e0T 660 201 201 <01 €01 Y01 €01 L0
666 160 001 101 660 001 660 101 90
9001 101 001 Z01 101 00T 01 001 €0
£66 001 001 660 660 660 660 660 660 %0
1001 001 001 00t 001 00t 101 701 £0
G001 860 101 101 o1 001 101 001 o1 701 101 00t 0
vnmm ASHS 660 101 660 co,H 101 660 860 nwvﬂo
vaﬁm (4113 98¢c 0LT  %ST 8€¢ (444 90T 061 LT 8G1L Tyt 9Z1 01t 760 8.0

WO § LV 9] HICIM SSVIO V ¥Od LN ‘g IV MU SV WO ¢ LV X4 NYSW H2HL 40 SOILVY ‘0] HIEV]



545

Solar radio fluxes as indices of solar activity

w0 g 18 ANANOE Je[Os Jo suonesisse oyl 03 Surpuodsorros wo ¢ 2 sanjea uBsi (o)
"wo § £q paumop AJATIOE JBJOS JO [SAS] YOBD 10] SUOHEBOYISSBID : [ ]—7 SUWNO)) ()
©0/ UL AT US04 = S00T {%E0— = L66 < Pou1ad yoBs 10] ONel o) JO IN[BA IFBIIAY (1)

Y%l — = 660 %1+ = 107 ¢s1e0£ 97/(SyIuou 9) WD € OUBY ()

"T86T 01 LS6] w0y ¢ spolsad JIuow-XI§ )

'] F XXX uﬁoﬁmom@wmﬂo un g I35)

€Sy Viad [£4 g0Y £6€ 8L¢ 99¢ £5¢ wye 1€£€ 0ce 60¢ 86¢ %87 0.2 GVSN wy ¢

6001 101 Z01 001 001 001 (A
86 G0l 660 860 660 001 860 660 860 134
666 001 %01 660 001 101 660 660 001 001 0S
£66 101 001 00T 001 001 660 860 860 6%
166 260 001 660 860 660 00T 660 660 87
786 960 860 260 860 860 660 660 660 660 Ly
L66 001 00T 001 00T 660 001 00T 9y
966 001 00T 001 660 001 001 oY
886 001 360 860 001 360 360 001 vy
666 260 860 660 001 001 201 a4
566 660 660 660 660 00T A
166 960 660 660 001 1%
986 L60 660 oy
266 860 660 6¢
686 001 660 g€
066 L60 860 001 L
266 860 660 00T 00t 9¢
666 660 00T 00T 001 g€
S66 L60 660 00t v
686 960 860 00T 001 49
966 L60 860 001 z¢
266 660 701 001 660 001 01 1€
£86 960 860 660 00T 0€
9001 001 001 00T £o1 6T



M. NicoieT and L. Bossy

546

2I01 20T 10T 00T €01 00T 601 8T
€E0L 90T Q0T €01  %0T 20T  SOT X4
€701 S0 €01 10T 10T %01 9T
6101 111 %01 101 101 10T  €0T 14
0101 001 10T 70T 00T 10T 7T
€66 (60 660 860 00T 101 €C
616 660 101 860 860 960 10T (44
0.6 TOT  %0T 660 660 S60 L60  OOT 1z
1001 70T 660 660 001 201 0T
866 860 860 10T 61
9001 860 660 101 81
866 L60 001 L1
286 860 91
066 S60 St
L66 L60 001 yi
0101 660 660 (4418 €l
€101 960 €01 4
8001 001 660 %01 11
7201 10T 660 101 mmvmoH 0t
6001 101 00T 2Ot 60
L66 ¢0T 00T [60 660 10T 80
166 %01 860 660 O00L 10T L0
€66 660 00T Q0L 660 660 001 90
066 70T 00T 00T 860 660 660 G0
0001 €01 860 10T 201 660 101 860 660 ILOT %70
686 00T 860 L60 660 660 860 €0
€86 001 660 660 [60 660 860 860 860 0
?vNi:.. Amvmcﬁ €0T  #%0L TOL 00T 660 0OL ANVHO
vamm 89 §6T 6Lz 66T g€z GIT 661  GL1 SST GET SIT G600 SL0

QOT¥Ad HINOW-9 V ¥O4 ING ‘Gf BTavV NI SV WD § LV X014 NVAW gHL 40 SOLLVY ‘1] #18v]



547

Solar radio fluxes as indices of solar activity

‘w0 L'0T 18 AJIATIOE 18]0S JO SUOTIBOYIsSe]d a1 01 Surpuodsarioo wo g 1e sanjeA Ul (o)

“wo /0] £q paungep KIIANOE IB]OS JO [PAJ] YOS 10] SUOHROYISSE : $T—7 SUMIN{O)) ()
oY UpaT YL ]~ = €86 ‘%Z T+ = 7101 ¢ pouad [oBo 10 ONEI 9T} JO ANfEA SFRIBAY ()
Y%l — = 66 %+ = €01 {51224 97/(SYIUOW 9) W € ONTY ()
"7861 01 L§61 wioy sporad [uow-1IS ()
‘0 F XXX : UOIBOYISSRID WO /0T (1)

11€  86¢ 1.z %S¢ G€C 91z 00T ¥8T 19T OST  ZTE1 SIT 860 (9) 80 w g
7001 660 10T 860 20T 001 149
L6b €0T 660 00T 00T 860 €0T L6O 19
7001 10T 10T 10T ZOoT ¢ZOoT 10T 660 660 OOI 0g
066 960 10T 660 00T 00T 660 L60 00T 6%
066 00T TOT 00T 860 660 860 860 8y
L86 860 Z0T 660 860 860 860 LY
986 [60 00T 660 [60 660 00T 9%
4108 10T €0T 00T TOL 00T %OI SY
6101 €01 €0L 10T ¢0T Q01 by
€101 €0T 10T 20T 00T %0T 197
S001 [A S.A 1ot 10T 660 601 Yy
9101 €01 160 701 Iy
586 €60 660 07
L6 860 6¢
916 860 260 8¢
166 701 860 660 L€
866 00T 660 001 g€
0201 €01 001 701 GE
766 £60 001 e
8101 20T 10T 0Ot 901 €e
%001 {01 860 00T 601 4%
L101 201 10T 10T %01 1€
6001 70T 001 00T €0I [
001 10T 20T 660 20T 6T



548

departure of each of the 6-month averages from the
space line, and to make the appropriate corrections,
The results are presented in Table 12 which gives the
percentage correction to be applied to the fluxes at 3,8
and 10 cm for each of the 6-month periods, and also the
standard deviation ((Ax®+Ay®+Az%)/N)'> of the
departure of the daily values from the space line. Six
cases of corrections equal to or greater than 2%
occurred at 3 cm, and none at 8 or 10 cm. Taking all
three wavelengths, 23%; of the corrections lay between
1.0 and 1.9%, and as many as 73% did not exceed 1%,
From the above discussion, it is concluded that the
fluxes in the range 3-10.7 cm can be used as indices of
solar activity. To a first approximation they represent
the variations in the irradiance originating over the
whole of the solar disk and reaching ground level.

3 8 10
Corr.
VA {om)
=2 6 0 0 6
1.0-1.9 15 12 10 37
008 32 41 43 116
Total 53 53 33 159

Asfor thefluxes at 15 and 30 cm, their relations to the
flux at 10 cm are represented better by quadratic
regression curves (Figs. 26 and 27).

8. A THREE-DIMENSIONAL COORDINATE
SYSTEM FOR SOLAR RADIO FLUXES
AT 3, 8 AND 10 cm

The preceding paragraph described how a regression
line in three-dimensional space {the “space line”) could
be used to determine the anomalies in the 6-monthly
averages of the fluxes of 3, 8 and 10.7 cm. The same
technique has been applied to the study of the 9741
daily values for years 1957-1983: a total 0£ 29,223 flux
measurements for the three wavelengths. Table 13
shows that only 32 of these required corrections of 107
or greater, and this figure falls to eight if the anomalous
3 cm fluxes in 1960 are excluded. These remaining
anomalies can be explained if the published fluxes are
examined. For example, in September 1962, the
observed fluxes were as follows:

8 3 10.7
September {cm)
20 130 295 109
21 141 316 90
22 117 296 105
23 111 288 99
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FiG. 26. DISTRIBUTION OF DIFFERENCES (%) BETWEEN THE
CALCULATED SOLAR RADIO FLUXES DETERMINED BY THE LINEAR
REGRESSION WITH 10.7 cm EQUATION (3a) AND THE OBSERVED
VALUE AT 15 em.
The deviation from a least-squares line is shown by differences
greater than 2.5 and 5% in 1976 and 19631965, respectively ;
these dates correspond to two minima of the solar activity (see
Table 7). Differences between the values given by alinearand a
quadratic least-squares fit occur also at high solar activity. As
far as 1982-1983 is concerned, it seems to be due to an
anomaly.

It is obvious from a comparison of the other values that
the value of 90 at 10 cm on 21 September is unrealistic
and requires correction : the corresponding anomalous
point stands out clearly in Figs. 11 and 12 (at 90 on the
x-axis).

Figure 28 shows the frequency distributions of the
percentage deviations from the spaceline of the fluxes at
3, 8 and 10.7 cm. The first conclusion is that, at § and
10.7 cm, at least 90% of the fluxes lie within + 3% of the
value given by the space line; at 3 cm, this figure falls to
859%,. Alternatively, it can be said that 999, of the values
lie within +7% at 3 cm, £6% at 10.7 cm and +5%
at 8 cm.

In Fig. 28, the anomalous values at 3 cm for
deviations exceeding — 6% originate mainly from the 32
cases of deviations which occurred in 1960. In fact,
however, only 1.5% of the 3 cm fluxes observed during
25 years differed by more than 6% from the value given
by the space line.

It is concluded that the daily flux values at 3, 8 and
10.7 cm, when considered together, can be used to
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Fig. 27. DISTRIBUTIONS OR DIFFERENCES (%) BETWEEN THE
CALCULATED SOLAR RADIO FLUXES DETERMINED BY THE LINEAR
REGRESSION WITH 10.7 cm AND THE OBSERVED VALUE AT 30 cm.
The differences between the linear and the quadratic
regressions give rise to differences in the ratios which exceed
+ 5% for quiet Sun periods, namely in 1963-1965 and 1975-
1976. Anomalies are detected in 1960-1961 where the
difference variesfrom 7.5% in 19600 + 7.5in 1961. The period
1982-1983 seems also to correspond to another anomaly. The
general behaviour of the differences, which vary from +5 to
—59% and then to 0% with increasing solar activity,
corresponds to the difference between the linear and the
quadratic regressions. See also Fig. 29.

indicate the level of solar activity to within +£5% in
most cases, and to within 4+ 10% in all cases where the
fluxes have been correctly measured. It is then possible
to adopt linear relations connecting the fluxes at 3, 8
and 10.7 cm:

Fs= 254[1+0 30( T 072): (1n

Fy= 254[1+0 26( 10160 65)] (12)

Fe=T2| 1+1. 82<~—~-%5-4) (13)
100 /|

Fe=172 :1 + 1.20(51%(}3?)} (14)

Fips =65 —1 +2.31<§i%'§§)] (15)
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(16)

Fior= 65[1+1 78¢ 00?2)].
Equation (12) is practically identical to equations (1a)
and (10).

The flux values at 15 and 30 cm cannot be related to
those at the three lower wavelengths by using a simple
linear regression line ; Figs. 9 and 10, and also Table 7,
show that a quadratic relationship is required. The
method used above for the detection of anomalies,
illustrated in Figs. 13-20, cannot be applied here
without taking into account the different levels of solar
activity, since a systematic variation could be
attributable to a deviation from a linear relationship.
Nevertheless, when such a variation appears over a
wide range of levels of solar activity, it can only be
regarded as a real anomaly. The above points are
illustrated in Fig. 29 which refers to the comparison
between 6-month average values of the fluxes at 30 and
10.7 cm; the procedure used is analogous to that of
Table 12 except that the space line refers to 8, 10.7 cm
and 30 com. Two conclusions can be drawn : (a) all the
values of the 30 cm fiux are within +10%, of the values
given by the space line, (b} there is a tendency for the
points to follow the variation (dashed line} represented

T I e 1 ——
% SOLAR FLUXES (1957~1983)
9741 DAYS

1000 -

NUMBER OF DAYS
g
H

10 s 3CM
! o—o gcm

x—x 107¢m

o -5 o '+5 = ‘+10
DEVIATION (%) FROM SPACE LINE

Fio. 28. DEviaTIONS {4) FROM THE SPACE LINE IN THE
RECTANGULAR COORDINATE SYSTEM 8, 3 AnD 10.7 om.
Number of days in a total of 9741 days. The anomaly at 3cm
(between -6 and —10%) corresponds mainly to 1960 (32
days), 1969 (12 days), 1981 (17 days) and 1982 (24 days).
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Fic. 29. DEviaTiONS (%) FROM THE SPACE LINE IN THE
RECTANGULAR COORDINATE SYSTEM 8§ AND 10.7 cn witH 30 cm
FOR 53 PERIODS OF 6 MONTHS BETWEEN 1957 AND 1983,
The curve represents the positive and negative differences (37)
between the linear and quadraticexpressions used to represent
the daily values at 30 cm compared with 10.7 cm. Anomalies
such as P6 and P26 correspond to peculiar trends in the 30 cm
observations.

by a quadratic expression. In other words, when the
Sun is quiet, the linear relation gives values that are
about 109, too high; but at middle levels of activity the
values are about 5% too low. In Fig. 29, the anomalous
points Py, P etc. refer to Periods 6, 8 etc. in Table 8. P,
and P, occur in 1959-1960, while P, and P, relate to
the period near Day 5000 where anomalous values can
be seen in Fig. 20.

The solar radio flux observed between 1957 and 1983
at wavelengths in the range 3—10 cm can be represented
with good accuracy by a linear space line. As already
indicated by Tanaka (1964), the accuracy for wave-
lengths less than 15 cm is greater than for those in the
decimetric band as a whole.

However, the plots of the daily value above 15 cm
shows that the linear relationship is no longer valid and
that a quadraticrelation gives a better representation of
the variations during a complete solar cycle, This fact
could be borne in mind when solar radio noise fluxes
are used as indices of the Jevel of solar activity in studies
of variations in the w.v. irradiance of the Sun.

Finally,itis possible to adopt the following quadratic
relations connecting the fluxes at 15 and 30 cm with that

at 10.7 cm.
Fio7—65 Fy5,—65)°
Fis= 47[1 +2.02(—-5’-1'-(?)»0—>—0.145(m-1—91100—> ]

cCc D

1
0993 53 {an

and
Fio7—65 Fm.7—65>"']
= — 0260 ———
Fio 38[14-2.03( 100 )060( 100
CcC D
0.979 6.8 (18)

9. 27-DAY MODULATION

A full analysis of the solar irradiance in the
centimetric and decimetric wavebands would require a
detailed study of its variations during the 27-day
synodic rotation periods and during a complete solar
cycle. Such a project would require greater accuracy
than that needed for statistical studies of the variations
during the solar cycle. Corrections would be necessary
for the elimination of abnormal values associated with
rapid fluctuations in solar activity. Such a study was not
one of our objectives, but a simplified approach to the
question of the 27-day modulation has led to several
conclusions ; these are based on the 53 periods in Table
8 which cover the 25 years from 1957 to 1983. For each
of these periods, the ratio of the daily value of the flux to
the 27-day moving average was calculated for 3,8, 10.7,
15 and 30 cm. The four highest and the four lowest
ratios were then selected but, in order to avoid possible
anomalies in the extreme values, only the second and
third highest V2 and V3 (max) and the second and third
lowest values V2 and V3 (min) were retained for further
treatment. For each period of 6 tnonths, the
“amplification factor” was defined as the ratio of the
average value of V2 + V3 {max) to the average V2+ V3
(min). In Fig. 30, the amplification factor has been
plotted against the ratio of the mean flux for the
corresponding 6-month period to the flux for the quiet
sun. The curve for each wavelength passes through the
median values of the amplification factors observed
during the period 1957-1983.

The first conclusion is that the 27-day modulation is
least for the fluxes at 30 and 3 cm. Moreover, the
variability in the flux during the solar cycle is least at
3 cm; the 6-month mean value never exceeds the quiet
sun value by a factor of more than 1.7 as compared with
a factor of more than 3.5 at the other wavelengths. The
second conclusion relates to the maxima in the
amplification factors at 8, 10.7 and 15 cm (1.6
approximately) which occur when the mean 6-month
flux is about 2 to 2.5 times as great as the value at the
solar minimum.

This concise survey of the 27-day modulation of
the fluxes between 3 and 30 cm demonstrates that
the amplification factor increases very rapidly at the
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beginning of a solar cycle, and then stabilizes near a
limiting value. When the flux increases by a factor of 1.5
as compared with the solar minimum value, the
amplification factor increases just as rapidly. However,
when the flux lies between 1.5 and 3.5 times its minimum
value, the amplification factor remains at about 1.5 1.6
for 8, 10.7 and 15 cm wavelengths. It is important to
remember that these conclusions do not apply to
particular cases; they are valid only for the typical
mean counditions that occur during a solar cycle. In
short, the 27-day modulation of the fluxes at centimetre
and decimetre wavelengths is particularly sensitive to
changes in solar activity when the general level of
activityislow, Le. when the flux is less than 1.5 times the
minimum value of the flux; above this limit, the
modulation tends to be independent of the level of solar
activity. However, it is necessary to take account of the
scatter of the data above and below such mean values
which include only 80-90%; of the values with a scatter
of less than +10%.

CONCLUSIONS

A detailed analysis has been made of the solar radio
fluxes in the wavelength range 3~30 cm as observed at

Toyokawa and Ottawa between 1957 and 1983. These
have been published in corrected form in 1977 (Ottawa)
and 1975 (Yoyokawa) for the years preceding these
dates, and monthly thereafter. From this analysis it is
concluded that the various calibrations adopted from
time to time are sufficient to ensure a general
consistency of the radio fluxes in the centimetre range.

However, an examination of the yearly mean values
atvarious wavelengths has shown up an anomaly in the
observed fluxes at 3 cm in 1960. Another investigation,
based onthemeanratios of the fluxes to thoseat 10.7cm
during periods of 18 or 6 months between 1957 and
1983, confirms the abnormality of the data for certain
periods. The differences take the form of ratios that are
too great or too small by several percentage points.
Nevertheless, the conclusion is that there is no
important long-term trend in the data, and this
indicates that there is normally a close connection
between the radio fluxes in the centimetre region. The
same conclusion cannot be reached for the decimetre
region since there is quadratic effect at 15 and 30 cm.

The regression analysis of the daily values of the flux
for at least 25 years also leads to various conclusions
such as the existence of anomalous values due to
numerical errors, or to differences relating to specific
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wavelengths. Day-to-day variations may differ from
one wavelength to another, particularly when the
observational data were not obtained simultaneously,
where they were corrected for a burst effect, or when
they are not daily averages. In such cases the accuracy
of the data is relatively low and cannot be better than
+10%.

A study of the series of over 8000 daily values of the
flux between 1957 and 1980 has been made. This was
designed to test the stability of the data with respect to
time and solar activity, and led to the conclusion that
various trends corresponding to drifts of specific origin
may occur. For example, the 3 cm data for 1960 appear
to be abnormal. At 15 cm, positive and negative drifts
have been detected, and these are even more apparent
at 30 cm; this suggests that these two wavelengths
ought not yet to be used directly as a basis for studies of
solar activity. A special analysis is required since a
quadratic relationship must replace the linear
expressions used for 3, 8 and 10 cm. A three-
dimensional least-squares line representing the fluxes
at 3, 8 and 107 cm can be determined which
corresponds to the two-dimensional relations between
3 and 8 cm, 3 and 10.7 cm and 8 and 10.7 cm.

In conclusion, the combination of the radio fluxes at
3, 8 and 10 cm could form a good basis for a permanent
solar activity index based on solar radio emissions in
the centimetre band.
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APPENDIX

Least-square fitting of a straight line when all the data
contain errors of comparable magnitude.

Weconsider N sets of M simultaneous measurements which
define N points P in a vector space V™. This will be the case
when the measurements refer to the same physical quantity.

The origin of the coordinates is placed at the centre of
gravity of the points, and the vectors OP; are designated by x;.

The problem is to find the unit vector v which defines the
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straight line passing through the origin, and such that the sum
of the squares of the distances of the points P, from the straight
line is a minimum.

The vector d; = P,Q; is

d; = x;,— (x| W)v (AD)
and the problem is to minimize
1
=52 @) (A2)
given the condition that
@lv=1 (a3

Introducing the Lagrange multiplier 4, and omitting the
summation signs, the problem is to minimize

S =3{@|d+Avv)]
= $[% %) 2(x|¥)? +(x [V IV +AF V] (Ad)

the normal equations of which are, in vector form,

= %i: = [v+(x]v—(x|ix] =0 (A3)
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On multiplying scalarly with v, we see that 4 = Oin the present
case. In consequence, the normal equations reduce to

f=x|Vv-x|vx=0 with (v]=1. (A6

These equations become homogeneous in v on the
formation of antisymmetrical expressions

G = ”5}2—”1:]‘} = (le)(xjvk_xkvj) =0 (A7)

which on writing

(X [¥) = x;0;4 %0+ E X0, (M #j, K)

takes the form
X %08 +H(F—XP)0; 0 — X; %07 = X (X85 — X XUV
(A8)
Thesystem of equations g, = Oisredundant;itissufficient,
for example, to putj = 1 and theequations g,;, = Ogive M —1
normal equations where the products x,, x, and x2 are the
components of the covariance matrix of the data.

When M = 2, the set of equations (A8) reduces to the single
equation

(A9)

20 (3242 2
X X,05 + (X7 —xv 0, — Xy X,07 =0

the solution of which is the root which has the same sign as
%x4%, and the values of ¢, and v, are obtained from

of L 2
o2 405 = v} 1+;}7 =1
1

(A10)

When M > 2, the solution of the equations (A8) can be
obtained as follows: put v; = 1, omit the right side of (A8) and
solve the equations in the same way as equation (A9); then
insert the results in the right sides and proceed by iteration.
The final values of the v;s are determined by the condition in
equation (A3).



