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where x is the solar zenith angle at the midpoint of the propagation path at the time of the peak of
the event and a = 6.56x107%% Watt-m~sec. [Donnelly, 1970].

The values of ters and Beps were determined from models of agpe(h) Befs(h). The electron density
as a function of height was caTcu]ated for each flare and HF Dopp?er observatory using the correspond-
ing preflare ionograms and the methods of Wright [1967]. The true height of reflection hy was then
determined from Ne(h), where Ne(hy) = f3/k. Using several models of aeff(h) and Baope(h), including
those of Mitra and Banerjee [1971], T and B were computed as a function of altitude From t(h) =
[20a£(h)Na(h)]~, or T(h) = B~! at the higher altitudes, and B(h) = agff(h), or B (h) = 0 at
altitudes where 8 applies. Averages of t(h) and B(h) were computed over the height range from h, to
hy to determine tope and Bgrg.

The Adpay(10-1030A) values computed using method 3 are estimated to be accurate to within a
factor of four [Donnelly, 1970]. The impulsive structure in A®(10-1030A, t) with time constants less
than teff (see (2)) are insensitive to the height variations of T or to the a(h) and 8(h) models,
while the flux variations with time variations larger than toff are quite sensitive. Ionospheric
variations unrelated to the solar flare effects produce noise in the SFD observations that mainly
affect the A®(10-1030A) estimates during the slow flare emissions. SFD data provide good informa-
tion on the impulsive emissions of flares, poor information on the slow flare emission, and no in-
formation on the nonflare solar radiation.

4. (QOBSERVATIONS DURING TWO SOLAR ROTATIONS BEFORE THE ATM-SKYLAB

In order to provide background information on the EUV flaring of the active regions whose rem-
nants were observed during the first manned mission of ATM, and to place the EUV bursts during the
ATM observations in perspective, the SFD observations from April 1 to May 28, 1973 will be discussed.
The Zurich relative sunspot numbers in April and May were lower on the average than in 1967 through
1972, but were generally higher than during the first and third manned ATM observations. The sunspot
numbers during the first week in September during the second period of manned ATM observations
exceeded the sunspot numbers in April and May; however, this pre-ATM period was richer in large EUV
bursts, at least during the daylight observing period of the SFD observations studied.

Figures 4.1 and 4.2 demarcate the periods when SFDs (Af__ 20.2Hz) could have been observed on
at Teast one of the HF Doppler data channels at Sacramento PR3E Observatory and near Boulder,
respectively. Sunrise in the ionosphere preceeds sunrise at the ground. The dotted Tines indicate
the times when all the channels of received transmissions were dominated by paths reflected off the
bottom of the E-layer or sporadic E-layers. Such propagation paths are much less sensitive to EUV
bursts than propagation paths reflected in the F-region because they involve only the ionospheric
effects at heights below about 110 km produced mainly by the 1-10A flare radiation. Hence, the
dotted lines mark periods of low sensitivity for detecting SFDs. Once an SFD is detected, further
spectral analysis of oblique path data with high gain may bring out a Targer SFD on a weaker F-region
path in spite of the strong E-region path. In Figure 3.1, the E-region path is weaker than the F-
region path and is lost due to the large flare-induced absorption enhancement (SWF).

The frequency deviations caused by the rising sun and the transient build-up of the ionosphere
are of the order of 1 Hz and complicate the detection of SFDs. Large solar zenith angles (x) reduce
the magnitude of the SFD for a given strength of EUV burst. For xy < 85°, Af « cos x. Usually,
SFDs are not analyzed for y = 80° because the frequency deviations are small, because the ionosphere
cannot be adequately approximated as a horizontally or spherically stratified medium, and because y
and the background frequency deviaitons and nonflare ionization are time varying. Sunset at the
ionospheric heights of the HF Doppler paths does not produce a distinct signature in the frequency
deviations, so x = 90° was used as a practical end to SFD observations.

Table 4.1 Tists the main features of SFDs observed. Note that some events have results listed
for more than one transmission frequency or receiving station. These. were cases that were analyzed
in detail. Secondary peaks are Tisted when their peak frequency deviation was greater than one-third
the maximuym value and the adjacent valleys were less than two-thirds that particular peak. The time
of a peak in the frequency deviation marks the time of impulsive structure in the 10-1030A radiation,
i.e., either a peak-in the radiation or the end of rapid rise, which may then be followed by a slow
rise in the radjation and a slow decrease in the frequency deviation. The time of the main zero
crossing is important in that A¢ _ (10-1030A) will occur at or before the main zero crossing and at
or later than the maximum frequency deviation. The start time in the case of initial gradual rises
may vary from one SFD channel to another by about one minute, depending on the background of frequency
deviations unrelated to flares. The end time of an SFD is usually very uncertain, since the SFD
frequency deviation approaches asymptotically the background non-flare variations. The SFD end time
probably preceeds the end of the 10-1030A flare radiation. Although the magnitude of A® _ (10-1030A)
is usually proportional to Af ___, their relation also depends on the solar zenith angle, PA&nsmission
frequency, and the path of thB2HF Doppler radio wave in the ionosphere. SFDs observed on paths
reflected from the bottom of the E-Tayer (see comment 15 in Table 4.1) have small Afmax values

relative to A® «(10-1030A). Note that several of the SFDs are classified as Targe (AfmaX 2 4.5 Hz).
None of the SFH@ during ATM-SKYLAB was that large.
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Figure 4.1 SFD observing time at Sacramento Peak Observatory
during two solar rotations prior to the ATM observations.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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Figure 4.2 SFD observing time near Boulder, Colorado during
two solar rotations prior to the ATM observations.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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Table 4.2 Tlists the times and flux values of up to three peaks in A®(10-1030A, t). When more
than one channel of data were used to compute A®{10-7030A, t) (see column 2 in the table), the times
and flux values were averaged to obtain the results in Table 4.2. The peak flux values and peak times
from different channels agreed quite well, usually to within 10% of the average value or to within
two seconds respectively, although the flux results for the May 5 event range 70% from the average
value. For each event in Table 4.2, all available SFD observations were compared to help determine
noise and non-flare variations in Af(t), even for the cases where only one channel was carried through
to computing A®(10-1030A, t). The underlined flux value is the maximum value for that flare event.
Some flares had slow peaks, which were Targer and Tater than the impulsive values given in Table 4.2,
sthat are not Tisted in Table 4.2 because SFDs do not provide accurate estimates for such slow
emissions. Two of the events Tisted in Table 4.2 vary sTowly near their maxima and therefore their
peak time is less accurately known. Many of the events in Table 4.1 do not appear in Table 4.2 and
were not analyzed to compute A®(10-1030A) because the SFD was either not large enough, not of suffi-
cient quality, not from an F-region path, the solar zenith angle was too large, or a large SWF caused
the SED data to,be lost. None of the events is a large EUV enhancement, i.e., (A@max(10-1030A) =
2x10 7 Watts m “) [Donnelly, 1970]. The Tlargest (1716 UT May 5, 1973) is more thah°an order of
magnitude smaller than the largest events observed from 1960 to 1970, e.g., 1328 UT November 12, 1960;
1527 UT August 28, 1966; and 1841 UT May 23, 1967 [Dgnnelly, 1970]. Five of the EUV bursts are in
the medium class (5x10~4 < A@max(10-1030A) < 2x107 Watts m-2). .

Figure 4.3 shows the SFD of 1535 UT April 1, 1973; and Figure 4.4 shows the A®(10-1030A, t)
estimate that was computed from the SFD using a model for o ff(h) used previously in analyzing SFD data
[Donnelly, 1968], herein called Model 3. These A®(10-103OA? results are our best estimate relative
to results based on Models 4-7. Models 4, 5, 6 and 7 refer to models of Oaff that are equal to

%, l‘, Y2, and 2 times the o of Model 3 respectively. Models 4-7 are intended only to demonstrate
VZ > eff

the sensitivity of A®(10-1030A, t) to the assumed ionospheric electron loss rates. Results using
Model 2 based on a ff(h) and B_..(h) models of Mitra and Banerjee [1971] are shown for several events
Tater in the atlas®''The va1uee£F Toff in Figure 4.4 is unusually high and results from the height
of reflection being very high. €

The remainder of the chapter presents figures of the SFD observations and derived A®(10-1030A, t)
estimates. Information on the associated Ho flares and microwave bursts are presented below the
figure of the SFD, along with comments on any complications involved in the calculation of A®(10-1030A,1t).
When no comments to the contrary are made, the radioc wave was an ordinary wave, the HF Doppler propa-
gation path was adequately determined, and t(h) was approximately constant over the range from hgy to
hy. The A®(10-1030A, t)/Ad curves are dotted below 0.05 to signify less accuracy for such small
values. These curves are sOM&times also dashed late in the flare to signify lower accuracy of the
flux estimate than for the solid Tine. Calculations were made using Models 2-7 but best-estimate
A®(10-1030A,. t} results based on Model 3 are the only ones presented here, in order to conserve space.
Similarly, results for only one channel of SFD are presented. More extensive results are given Tater
for flares during the ATM observing periods. The exception to these two Timitations are the results
for the flare of May 18, 1973, shown in Figures 4.27 - 4.38. That SFD was- selected for detailed
illustration because it includes a long duration slow component which is small in Af(t) yet large in
A®(10-1030A, t). It is therefore an excellent event for demonstrating how well SFDs determine the
impulsive EUV emission and how poorly the slow 10-1030A enhancement, as a function of transmission
frequency, path length of the HF Doppler radio wave, and the assumed ionospheric electron loss rates.
Discussion of these features is included below the captions of Figures 4.27, 4.29, 4.31, and 4.33.

No estimates of A® _ (10-1030A) were made for the 2B flare of 2100 UT April 29, 1973, because
all the available HF DoEB*er data were Tost due to the large SWF from the soft x-ray enhancement.
The HF Doppler traces were lost before any impulsive SFD structure was detected. The 2-35 GHz micro-
wave burst was the largest observed during the periods covered in this atlas. Another type of iono-
spheric observation that is sensitive to the 1-1030A flare radiation is the measurement of total
columnar ionospheric electron content using geostationary radio beacons, where the observed flare
effect is called a SITEC. The observed SITEC for this flare was quite large. The time rate of
change of the total columnar jonospheric electron density was comparable to that for the flares of
1844 UT April 11, 1973 and 1716 UT, May 5, 1973 (R. Fritz, NOAA, Boulder, Colorado, private communica-
tion).
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5. OBSERVATIONS DURING THE FIRST MANNED MISSION OF ATM-SKYLAB

The first manned ATM observations during SKYLAB II covered the period May 29 to June 18, 1973.
The SFD observing times during the first manned ATM mission are illustrated in Figures 5.1 and 5.2
for the Sacramento Peak and Boulder HF Doppler observations respectively. The Boulder observations
included at Teast one high sensitivity path reflected from the F-region 96% of the time. The Tevel
of solar activity was quite Tow during this three-week period; the daily average 10 cm flux measured
at ARO, Ottawa, was below 100 the entire period. Few SFDs were observed. Their main features are
listed in Table 5.1. The two events where the SFD was large enough and the data of sufficient
quality were analyzed to estimate A®(10-1030A, t); the main results are presented in Table 5.2.

WWV Sacramento Peak Observatory
HF Doppler Observations

“X=90°80°
80° 90°
;0.,29 | i | | | | | [ ] l
P S Y st R O TR
[ e B R LR R R
o
210
S
=
|5 p———] oeb....
18 I s
— T
1000 1200 0200 0400
Universal Time
No sunlit observations
""" No F-region observations
Figure 5.1 SFD observing time at Sacramento Peak Observatory
during the first manned observations with ATM.
Clear areas indicate good observations, dotted indicate re-
duged sgpsitivity, solid line indicates no observations.
Boulder HF Doppler Observations
“X = 90°80° 80°90°
> 29 i i I I I L1 i i [ |
Q)
N
ok
18 T T T T T T I E— T T T T T
1000 200 1400 1600 1800 2000 2200 2400 0200 0400

Universal Time

No sunlit observations
----- No F-region observations

Figure 5.2 SFD observing time near Boulder, Colorado during
the first manned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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Table 5.2 The Impulsive 10-1030A Flux Enhancements Deduced From
SFDs During the First Manned Mission of ATM-SKYLAB
May 29 - June 18, 1973

Number of
Channels of
SFD Data Start 7 Peak Y Pealk N
N Date Analyzed to Time Time A (10-1030A)* Time  A®(10-10304)*
1973 A% (10-10304) UT uT Peak UT Peak
-h
June 15 i 1ho7 1410.9 7.1x10
-l -h
June 16 1 1k21.4 1he3.2 2.0x10 1h2h.5  3.1x10 3

Underlined peak flux values are the maximum values for the event.

#48 (10-10308) flux units are Watts m -.

The quality of the SFD data for the SFDs illustrated in Figures 5.3, 5.10 and 5.12 is generally
lower than for the events selected for illustration in Section 4. The June 15th event was quasi-
periodic (10.4 sec) and had the largest peak 10-T030A flux enhancement of-all the SFDs observed during
the ATM missions. It was a medium sized 10-1030A burst, comparable to the larger events in Table 4.2,
but more than an order of magnitude smaller than the largest events observed during 1960 to 1970. The
ATM observations of this flare commenced their flare mode just after 1411 UT, so the impulsive phase
of the flare was missed but the rising slow component was well observed.
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6. OBSERVATIONS DURING THE FIRST UNMANNED MISSION OF ATM-SKYLAB

The Tast ATM film observations of the first manned mission (SKYLAB II) were taken on June 18, 1973,
and the first film observations of the second manned mission (SKYLAB III) were taken on August 7, 1973.
The interim period, June 19 through August 6, will be discussed here. The Harvard ATM experiment made
observations via telemetry during this unmanned period.

The SFD observing times are shown in Figures 6.1 and 6.2. The Sacramento Peak observations were
reduced in sensitivity most of the time by the dominance of HF Doppler propagation paths reflected
from the bottom of the E-layer of the ionosphere. The level of solar activity was generally Tow during
this period. Although the daily average Ottawa 10 cm flux did rise above 100 from June 20 through 26,
it dipped below 80 to nearly sunspot minimum values in mid-July and early August. The observed SFDs
are lTisted in Table 6.1 and the peak 10-1030A flux values for some of the larger SFDs are4listed in

Table 6.2. All of these EUV bursts are of small intensity, i.e., A@max(10—103OA) < 5x1077 Watts m'z.

WWV Sacramento Peak Observatory
HF Doppler Observations
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- S NS L PO
S e s b oo eeae
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------ No F-region observations

Figure 6.1 SFD observing time at Sacramento Peak Observatory
during the first unmanned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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1973

July

August

Boulder HF Doppler Observations

Universal Time

No sunlit observations
No F-region observations

Figure 6.2 SFD observing time near Boulder, Colorado during

the first unmanned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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7. (OBSERVATIONS DURING THE SECOND MANNED MISSION OF ATM-SKYLAB

The second manned ATM observing period (August 7 to September 21, 1973) was the richest in
number of solar flares, although the number of flares was much lower than in the two month period
before the ATM mission discussed in Section 4. The Tevel of solar activity rose from Tow levels,
comparable to those of sunspot minimum years, in mid-August, to moderate levels in the first week in
September. The Ottawa 10 cm flux reached a daily average of 136.5 on September 3.  The observed
SFDs are listed in Table 7.1 and the computed flux pnhancementg are in Table 7.2. A1l the T0-1030A
bursts were small in intensity (A2(10-1030A) < 5x10-4 Watts m~¢), except for the medium sized burst
“of 0945 UT September 4, 1973. Several events show complex fine structure or are quasi-periodic
(September 4 and 5). The periods of SFD observations at Sacramento Peak Observatory and near Boulder
are indicated in Figures 7.1 and 7.2 respectively. The daily SFD observing period shortens from
summer to fall, but the periods of reduced sensitivity due to the propagation path being reflected
from the bottom of the E-layer or from sporadic E are also shorter and less frequent.

Some of the SFDs used to compute A®(10-1030A) were noisy or of poor quality, but they were
nevertheless analyzed in detail if they were also observed by the ATM experiments. Similar events
in Section 4 were not used to compute A®(10-1030A). To help clarify what portions of the results .
may be noise from what must be a real flare enhancement, results from several different channels of
SFD data are shown. The results in Table 7.2 are an average over all channels processed, including
some not shown in the Figures. The best events from the viewpoint of having interesting impulsive
fine structure observed by good SFD data are those on September 4 and 5.

The Tong lasting 2B flare of 1140 UT September 7, 1973, was probably the largest event of the
second manned mission. Figures 7.1 and 7.2 show that this flare occurred too early for SFD observa-
tions at Sacramento Peak Observatory or near Boulder. The SFD was observed in England to be a long
lasting sequence of small impulsive peaks (see Table 7.1) superposed on a long lasting gradual en-
hancement. The associated microwave bursts exhibited a large impulsive rise at 1156 UT, with impul-
sive fine structure peaks lasting until 1207 UT. Any corresponding EUV bursts were not observed in
the SFD data because the large soft x-ray enhancement associated with this flare had enhanced the
jonospheric absorption (SWF) of the HF Doppler radic waves so much that the data in England were lost
Just before 1155 UT, at which time the data did not yet indicate the occurrence of any increase.
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1973

September

WWYV Sacramento Peak Observatory
HF Doppler Observations
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Figure 7.1 SFD observing time at Sacramento Peak Observatory
during the second manned observations with ATH.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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1973

Boulder HF Doppler Observations
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Figure 7.2 SFD observing time near Boulder, Colorado during
the second manned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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8. OBSERVATIONS DURING THE SECOND UNMANNED MISSION OF AT ATM-SKYLAB

The Tast ATM film observations of the second manned mission (SKYLAB III) were taken on
September 21, 1973, and the first film observations of the third manned mission were taken after 1900
UT on November 26, 1973. Because the SFDs observed in Boulder on November 26 occurred before 1900 UT,
we have designated September 22 through November 26 as the second unmanned period of ATM observations.
Some ATM observations were made during this period, e.g., by Harvard's experiment; however, it is very
unlikely that ATM observations were made during the impulsive phase of solar flares.

The SFD observing times at Sacramento Peak Observatory and at Boulder are shown in Figures 8.1
and 8.2, respectively. The Boulder data were lost on October 8. The Tevel of solar activity was quite
lTow. The daily average 10 cm flux dipped below 80 to nearly sunspot minimum values from October 9
through 20, and from November 4 through 20. Relatively few solar flares occurred during the second
unmanned mission. The few SFDs observed are Tisted in Table 8.1. A1l of these SFDs were small or of
poor quality; therefore A®(10-1030A, t) was not computed for any of the events. In general the SFD
observations in Hawaii were better than at Sacramento Peak and Boulder for this period. It is very
fortunate indeed that no manned ATM mission occurred during this period so barren of solar activity
of terrestrial significance.

WWV Sacramento Peak Observatory
HF Doppler Observations

25

30

September
w

October

L

%

1973

30

November
t=21

20

25 «
T T T T 1 T
1000 1200 1400 1600

S R s ) B B M T
1800 2000 2200 2400 0200 0400

Universal Time

No suntit observations
------- No F-region observations

Figtllre 8.1 SFD observing time at Sacramento Peak Observatory
during the second unmanned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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Boulder HF Doppler Observations
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Figure 8.2 SFD observing time at Boulder, Colorado during
the second unmanned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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9. (OBSERVATIONS DURING THE THIRD MANNED MISSION OF ATM-SKYLAB

The third and last manned ATM observations (SKYLAB IV) spanned the time from about 1900 UT
November 26, 1973, to February 3, 1974, for the photographic recordings. The level of solar activity
was low. The daily average 10 cm radio flux was below 100 radio flux units during this entire
mission and dipped below 80 to nearly sunspot minimum values during the periods December 4 to 16, 1973;
December 29, 1973, to January 9, 1974; and January 24 to the end of the mission. Relatively few flares
occurred that were large enough to cause detectable terrestrial effects. The short daily observing
period at northern latitudes further reduced the number of SFDs detected at Sacramento Peak and
Boulder. See Figures 9.1 and 9.2. The detected SFDs are listed in Table 9.1 and the computed
10-1030A flux enhancement in Table 9.2. Many of the SFDs detected during this period were observed
at the University of Hawaii, where the daily observing period was significantly longer than at the
other observatories and the mid-day solar zenith angle significantly smaller.

The Boulder and Sacramento Peak data were poor in quality for most of these flares. Consequently,
the EUV flux enhancement was computed only for the flare of 2334 UT December 23, 1973, shown in
Figures 9.3 and 9.4, which was well observed in Hawaii.

WWV Sacramento Peak Observatory
HF Doppler Observations
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Figure 9.1 SFD observing time at Sacramento Peak Observatory
during the third manned observations with ATM.

Clear areas indicate good observations, dotted indicate re-
duced sensitivity, solid line indicates no observations.
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Boulder HF Doppler Observations
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Figure 9.2 SFD observing time near Boulder, Colorado during

the third

manned observations with ATM.

Clear areas indicate good observations, dotted indicate re-

duced sen

sitivity, solid line indicates no observations.
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TABLE 9.2

THE IMPULSIVE 10-1030A FLUX ENHANCEMENT DEDUCED FROM SFDs DURING THE THIRD
MANNED MISSION OF ATM SKYLAB

Number of
Channels
. of SFD Data Start Peak
Date Analyzed To Time Time A§*(10-10304)
1973 A% (10-~10304) UT uT
December 23 2 2332.2 2333.9 1.57x10_h

* A®(10-1030A) flux units are Watts m-2.

10. DISCUSSION

The SFDs and estimates of 10-1030A flux enhancements reported here provide information on the
impulsive EUV flare emissions before and during the ATM-SKYLAB observations. Hopefully these results
will be useful for studying the impulsive flare emissions and the relation of these impulsive
emissions to the slower soft x-ray emissions. These results should also be useful as background
information to scientists studying the ATM observations of the evolution of active regions and the
flare productivity of these regions.

The level of solar activity was relatively low during the ATM-SKYLAB missions. The 10 cm flux
was below 100 most of the time and dipped below 80 to near sunspot minimum values frequently during
the last manned mission. Consequently, the frequency of occurrence of events was lower than during
most of this sunspot cycle. Fortunately, a good solar rotation of flare activity was well observed
with ATM experiments in early September during the second manned mission.

AT1 the EUV bursts observed via SFDs during the ATM cobservations were more than an order of
magnitude smaller than the largest events observed from September, 1960 to July, 1970. However,
several nice medium-sized EUV bursts were observed via SFDs. Some of the events had extensive fine
time structure or were quasi-periodic (e.g., 1411 UT June 15, 1973; 2153 UT September 2, 1973; and
1830 UT September 5, 1973). Considering the high spatial resolution and extensive spectral coverage
of the ATM observations, significant advances in our knowledge of solar flares should be obtainable.

Further information on the SFD and 10-1030A results for particular events may be obtained by
writing to Dr. R. F. Dommnelly, Space Envirowment Laboratory, NOAA Envirowmental Research Laboratories,
Boulder, Colorado, 80302, USA. The absolute accuracy of the 10-1030A flux enhancement varies from
event to event and during events, but is generally about a factor of four. The absolute and relative
timing accuracy also varies from one event to another and from one data set to another. When the
ATM data are analyzed to where the flares observed during the third manned mission are known, it may
be possible to obtain further information on the corresponding SFD observations in England, U.K.,
Alabama and Hawaii, USA.
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