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OBJECI 1VE

Develop a method for predicting short-wave fade (SWF) outage times due to solar
X-ray events. The prediction should be available earl y in the event.

RESULTS

The outage time of SWF events may be directly related to the solar peak of the
X-ray event by use of event rise characteristics. The decay slope can be accurately depicted
as having one of four exponential time constants, the constant chosen by the value of the
ratio of the flux change to the rise time. Since this is available as soon as a peak is recog-
nized , the modeled decays then allow quick assessment of the impact of the event on corn-

• munication systems.

RECOMMENDATIONS

I . Adopt the SWF duration model presented in this report.

2. In vestigate the ut ility of applyi ng the X-ray burs t decay model to vlf sudden
phase anomaly (SPA) events .
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INTRODUCTION

Solar X-ray flare s may cause complete blackouts of the hf spectru m for varying
periods of ti me: therefore , a method of predicting the short-wave fade (SWF) outage dura-

• ation as a knction of hf frequency has been developed. The concept is to give a communi-
cations officer a curv e of recovery time (in real time) as a function of frequency, so that he
can allocate his resources for maximum effectiveness . The information is displayed to em-

• . phasize the shorter time vulnerabilities of the higher frequencies. This format may help
motivate members of the communication community to use frequencies above the lowest
satisfactory one , as they notice the quicker recovery of the higher frequencies.

The present model is predicated upon the relationship between the lowest observ-
able frequency ( LOF) and the X-ray flux emitte d by a solar flare. A detailed physical des-
criptio n of this relationship has been given previously (re f 1). An accurate empirical rela-
tio nship was also developed relating X-ray flux to LOF (re f 2). The formulation will be
used in this model.

A stumbling block for time-to- recovery predictions during X-ray events has been the
modeling of the flare recovery itself. We noticed that one of two exponential decay curves
would describe the recovery of many events, and , even more important , that the decay con-
stant can be related to the rise characteristics of the X-ray event. In refi n ing the present
model, we have added two more decay curves in order to extend the model’s usefulness to
cover almost every event. The model also includes an event detection routine that looks for
emergence above the background flux. The progress of the flare recovery is monitore d con-
tinuously in a correction routine that updates the decay slope prediction whenever the
difference between the predicted and actual X-ray fluxes exceeds an established tolerance
level.

X-RAY FLARE MODEL

A solar X-ray event can be described as a steep rising portion peaking out and fol-
lowed by a less steep recovery (decay) back to pre-event conditions. Much effort has been
put into characterizing these events by ~‘simple” fo rms (MB Bleiweiss, private communi-
cation) but these in general have failed to accura tely describe flare behavior. In our investi-
gation we noticed that the recovery portions of many events can be described by one of two
exponential decay curves (time constants r 1 = 10. 2 mm , r 2 = 45.0 mm ). In fact , the steeper

• decay curve turn s out usually to include the longe r time constant term with an am~1itude of
— 0. I of the peak flux ; see figure 1 (ie , flux = 0.9 * peak * e tIT I + 0.1 * peak * e t1Ta).

‘NEIj ’ IR 1840, Solar X-Ray Spect ru m Definition and the Prediction of Ion ospheric Radio Wave Propa-
gation , MP BIeiweiu , September 1972

2NE~~ TR l938, Sudden Ionospheric Disturbance Grid, RB Rose and others, December 1974
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TIME Figure 1. Model decay curves for solar X-ray events. 
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At the same time it became eviden t that the rise slopes of events with the short re-
covery time constan t were “steeper” than those of events with the long recovery time con-
stant. This is important because the sooner the prediction can be made , the greater the
usefulness of event duration predictions , and this scheme allows predictions at the event
peak. The rise portion of the events is most effectively characterized as a ratio in the form:

• peak flux
lO

r 
pre-event flux ( I )

rise time

In the implementation of the model we found the method less susceptible to rise time deter-
mination problems if we replaced the peak flux by “pre-event flux +90% flux change” and
the pre-event flux by “pre-event flux +40% flux change .” The “flu x change” is the dif -
ference between the peak flux and the pre-event flux.

In a more comprehensive examination of the available Solrad 9 X-ray data ( I  — 8A)
(0.1—0.8 nm) (>100 events) we derived a more complete flare model , containing four
decay slopes. The additional two are much steeper(r3 = 5.2 mm , 74 = 2.2 m m )  and follow
th e original pattern of steep rise followed by steep decay . Actually, these two very steep de-
cays tend to create very short events , and interestingl y enough these events usually are of
significantly lower amplitude than the two longer decay constant events. Again , these short
events are a combination of two slopes, as in figure Ia .

The X-ray recovery model can be described by four simple equations , characterized
by the modified flux change to rise time ratio (r ’):

• flux = 0.9 
~peak e

tt2.2 + 0.1 
~peak e t/ 5.2 r’> 1.5 (2a)

flux = 0.9 
~peak e tt5 2 + 0. 1 1’peak e

t / l~~2 1.5 > r’ > 0.64 (2b)

flux = 0.9 
~pea e~t/ IO 2 + 0.1 

~peak e
’t/45.O 0.64 > r’> O . l l  (2c)

flux 
~peak ~

t/45.O 0. 11 > r’ (2c)

These almost d iscrete values for the X-ray flare decay slope, as well as the two-slope
decay process, may be the result of fundamental flare cooling processes ; eg, the slope change
may come from a change in dominance from radiative to conductive cooling mechanisms.

- . - -~~~~~~.-



More complete data on the flaring process for each event such as temperature and flanng
region size are necessary before more accurate statements can be made We are in the pro-

• cess of obtaining and analyzing these data.

• THE X-RAY FLARE AND SHORT-WAV E FADES

There is a direct causa l relationship between the solar X-ray flare and the increase in
absorption of hf signals (short-wave fade , or SWF). Solar X-rays ionize various constituents
in the earth’s at mosphere at 60—90-km altitude (the D-region) and there fo re leave quan-
tities of free elect rons available to absorb energy from an hf signal propagating through the
region . Increasing solar X-ray flux increases the number of free electrons , hence increasing
the absorption that a signal undergoes. Higher-frequency signals are absorbed less than
lower-frequency ones, because they move the electrons less (hence the likelihood of an
energy-absorbing collision with a neutra l particle is smaller). This means that for a given X-
ray flu x there is a lowest frequency below which the signal strength is less than some thres-
hold. We shall call this frequency the lowest observable frequency (LOP). This concept has
been described in detail (re f 3).

RB Rose, and others (ref 2 . 1974) developed expressions for the empirical relation-
ship between the X-ray fl ux and the LOF, depe nding on the path length of the propagating
signals. Specifically, the eq uations for the relationships are :

long path (>1 500 km)
flux = 0.01038 (f 1 — 15.0) — 0.003 sin [0.849 (f 1 — lS. 6) J (3a)

where f1 = LOF 1 + 
1 

1 
x = zenith angle , f 1 in MHz

• \ 10 cos~~ /
short path (< 1500 km) flux = 1 .03856 X l0~ (LOF)4 (cos x13 ( 3b)

• The Rose (and others ) algorithm had to invert these relationships to go from a known X-ray
flu x to a LOF. In our case we just put in the frequency of interest and determine at what
flu x value it becomes the LOF. Then, by using the previous section’s models for the flare
duration , we invert equation (2a-d ) to determine a time of recovery for a given frequency.

• By stepping though frequencies , a curie of frequency vs time of recovery can be calculated
(fig 2) .

3NELC TN 3304, Lowest Observable Frequency(LOF) Model: Solrad Appllcatlon , PIE Argo and
JR HIll. January 1977. (NEIC INs are infoim al publications intended chiefly for Internal use)
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FADE RECOVERY MODEL

The above two sections describe the concepts necessary to go from an X-ray event
to a hf time-to-recovery prediction. This section will discuss in more detail some of the
actualities of doing such predictions ; eg, determining event start and event peak , checking
for multiple bursts , monitoring prediction accuracy, and , in the event it is failing, providing
an updated prediction. We will ignore details such as keeping track of data gaps, bad data ,
etc (we assume that the interested reader will fig ure out a scheme if necessary), because
these are ancillary to the actual model.

Under nonfl aring conditions each I-minute averaged X-ray flux value is compared
to a 60-minute running average of the X-ray flux. Along with the running average the stan-
dard deviation of the previous 60 values is computed , and if the I-minute averaged flux re-
mains more than two standard deviations above the running average for two samples, then
an “event start ” is flagged.

Because many, many small flaring variations occur , and because it nominally takes
an X-ray flux of~~5 X I0~ ergs/cm ’is to affect the ionosphere , a threshold of 5 X l0-~
must be achieved before the event routine goes into a “flare ” mode. In order to expedite
the model’s “start up ” capabilities , an initialization proced ure is used for the pre-event
average. Basically, data are taken for ‘10 minutes and then the flare search is allowed to re-
view incoming data , with allowance made for the small data sample , unt i l  60 minutes of
data has been taken.

In the “flare ” mode the background averaging is stopped and the X-ray fluxes are
put into a buffe r array that is used in calculating the rise characteristics. An event peak is
“decla red” when a flu x value is followed by two consecutive lower values. Note this is a
tradeoff between rapid recognition of the event peak and a premature decision that will
have to be remade. The rise time is considered to be the time between the background plus
40% of flux change and background plus 90% of flux change. This choice obviates many of
the difficulties in determining the exact start and peak times , and does give good results in
the modeli ng.

The model also monitors the flare data , searching for multiple peaks. These can be
fou nd provided either of two criteria is met: ( 1)  the flux values begin rising again , and
rise above the previous peak , or (2 )  the flux increases to a factor of 1.5 above a previous
flux value. If either of these conditions is met , the n the model begins searching for a new
peak.

The model fits a least squares straight line (logarithmic) through the incoming X-ray
data (d uring the decay of an event), and so has a real-time estimate of the actual slope. At

• the same ti me the routine is constantly comparing the actual X-ray flux to the model’s
predic ted value. If these diffe r by more than a factor of 2, the routine the n uses the least
squares slope to determine which of the four model slopes is most suitable for use in gener-
ating an update . The routine also compare s the predicted flux to an extrapolation of the
least squares straight li ne, If these differ by more than a factor of 1.6 , then an update is re-

• quired. A nominal value o~ ratio (flux change to rise time) corresponding to the new slope
is then inserted in to the previ ous val ue of ra t io, and t he model is allowed to run again. The
allowed difference in actual and predicted fluxes must be large enough not to cause con-
tinual slope changes while still small enough to keep accurate predictions available.

7
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MODEL EVALUATION

The flare modeling routine was run on a series of X-ray events measured by Solrad
9. (These events were not used in the development of the model.) These data are read serially
from a magnetic tape in a simulation of real-time data (ie, the model gets I-minute averaged
flux values). The events selected for display are intended to show both the shortcomings
and strong points of the modeling routine, The vertical lines indicate that a peak (or up-
date) has been recognized. The crosses are the predictio ns, the solid line represents the data .

Figure 3 shows the accuracy of the model at its best , recognizing the peak quickly and
then following the flux decay down within close tolerances.

Figure 4 is an example of the updating capabilities of the model. The “peak” of the
update is not the actual flux value measured but the extrapolated least squares fit. This
was done to minimize the effects a large “noise” spike m ight have on the predictions .

EVENT DETECTION TEST EVENT DETECTION TEST
1 .1 .1

1969 DAY 213 1969 DAY 284

-2 - / .2

I \: ~~~~

.3 - 1- .~~~~~~. t - i . .  1 . 1 .  ‘ - 
.
~~ _ _ _ _ _ _ _ _ _ _ _ _ _

100 130 200 230 300 330 400 430 2200 2230 2300

Figure 3. The X-ray event detection and decay model, operating in
real time. The + symbol is the predicted decay curve ; the
vertical line indicates the determined peak.

EVENT DETECTION TEST
0.0

1969 DAY 329

•1.0 -

-3.0 1 • I ~~~~ I - . I - .  I.~~~
2100 2130 2200 2230 2300 2330

Figure 4. Similar to figu re 3. but showing the updating capability. The
second vertical line demarcates the time of updating.
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Figure 5 is an exak ~le of a large, complex event. Note that the routine does run
into some difficulties with this event. The two early, small events (between 2000 and 2 100)
have peaks below 5 X I o~ ekgs/cm 2/s, and so will have extremely small effects on the iono-
sphere. The first 45 minutes in the large event are accurately predicted . The update occur-
ring at 2217 uses the slope from the previous 10 minutes (which is abnorm ally steep for this
event), and so picks the steepest slope in the model for the predictions. After recognizing
the error, a new update is called at “- 2224. This prediction continues accurately until a
new burst begins. One of the mov~el weaknesses is in recognizing a second burst. The rapid ,
clean rise of this second burst makes it easy to recognize (figure 9 is an example of a more
difficult case). This second burst peaked , and remained high for several minutes. Therefore ,
the initial prediction was off (although the slope was correct). When the update was made ,
the model used the flat top to calculate a slope , and so was radically in error. At 232 1 an
update was made , bringi ng predictions in line with reality. Then at 2332 another update
was made, picking a “bad” slope. The problem here , as with the first update, is the fact
that the slope over the previous 10 minutes was anomalous for this event.

EVENT DETECTION TEST
0 :

1969 DAY 325

:1.,
~~~~~

-•
~~~~~ ~~•1 -

.3 • 
. -

.

2000 2030 2100 2130 2200 2230 2300 2330

Figure 5. Similar to figu res 3 and 4 (large , complex event).

The next four figures (6—9) are examples of the model’s capabilities. Note that the
large events are modeled very well , while the low-level events (below ‘-2) that occur in con-
junction with the large events are not well fitted. It is difficult to get th~ model sensitive
enough to “see” these little events during a large event , and attempts to do this have invari-
ably made predictions on the large events deteriorate. Therefore, we have chosen to ignore
these, armed with the knowledge that individual small events are well modeled (fig 3).

9
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Notice in figure 9 that between 1445 and 1500 (as well as between 1800 and 2000)
the model gave downgoing predictions while the flux level was actually rising. This is the
thresholding problem in multiple bursts mentioned in the discussion of figure 4. These two
events were initially slow rising, and the routine did not recognize them as beginning new
events. Recognition finally occurred and in both cases the model stopped giving spurious
predic tions and settled down to look for a peak. Notice that both large events were accu-
rately predicted for most of their decay.

EVENT DETECTION TEST
0.0

1969 DAY 331

-1 .0 -

.2.0 - 

i
_
~

30 1 1 1 ~ I 1 1

1800 1830 1900 1930 2000 2030 2100 2130 2200 2230 2300 2330

Figu re 6. Similar to fi gures 3 and 4.

EVENT DETECTION TEST
0

1969 DAY 327

. 1 -

: I I  I I ‘ f f 1
600 630 700 730 800 830 900 930 1000 1030 1100 1130 1200 1230 1300

Figure 7. Similar to figures 3 and 4.
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EVENT DETECTION TEST
0.0

1969 DAY 330

-1.0 -

:3.

-2.0 - 1

3 0  i ~~~~~~~
1300 1330 1400 1430 1500 1530 1600 1630 1700 1730 1800 1830 1900 1930 2000 2030

Figure 8. Similar to fi gures 3 and 4.

EVENT DETECTION TEST
0

1969 GAY 332

- 1 -

-2 - .~~~~~~~~~~~~ 

•

—~~ ~ • ~ • ~ I I I I I I I I I I I I I I

1130 1230 1330 1430 1530 1630 1730 1830 1930 2030 2130 2230 2330

Figure 9. Similar to figures 3 and 4.

SUMMARY

We have developed a model for predicting, in real time , the time-to-recovery for hf
signals during a solar X-ray event. The model is designed to give predictions as early in the
event as possible , and is backed by an update scheme to correct inaccurate predictions when

• 

- 
such are recognized . The model was made possible by the fact that the recovery period of
most solar X-ray events can be characterized by an exponential decay with one of four time
constants. The choice of time constant can be made by using observations of the rise por-
tion of the event.

Several examples of the model’s event-detecting capabilities , with examples of the
“updatin g” of the predi ct ions, are given. In modeling a “real life ” phenomenon such as a
solar flare the re must be t radeoffs betwee n “ti meliness of predic t ion” and “accuracy”.
The “update ” routine was developed to alleviate much of this problem. However , the
updat e concept has i ts own sim ilar tradeoff , inasmuch as under some circumstances it may

• give corrections much too often. This is important because the communications office rs
using such predictions would find i t t iresome to be continu ously getti ng changes, and yet
they have a need for accuracy. The present model does give a good compromise, particu-
larly in that most of the updates are made at X-ray fluxes below 10-2 ergs/cm 2/s (0.1—0.8-
nm flux), and this is below the “major” level of significance.
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