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Abstract It is well known that many types of ionospheric disturbances occur during solar flare events. The sudden increase in
total electron content (SITEC) has been studied for several decades, but total electron content (TEC) data do not provide informa-
tion on the altitudinal distribution of electron density changes. Previous studies used HF Doppler system data to investigate the
contributions of the D-region and F-region ionospheric electron density changes by examining the HF radio wave frequency de-
pendence on the Doppler shift values. In this study we examined the dependence of the elevation angle of the Doppler shift of
ground scatter echoes using the SuperDARN Hokkaido radar. We analyzed solar flare events from Dec 2006 to Mar 2012. A sud-
den fade-out of echoes was observed in almost all the events we analyzed, which was the result of the radio absorption associated
with a significant increase in electron density within the D-region ionosphere. In addition, we discovered positive Doppler shifts
just before the sudden fade-out of echoes. The Doppler shift is negatively correlated with the elevation angle of received radar
waves. It indicates that variation of electron density in the D-region ionosphere is dominant during solar flare events. This result is
consistent with a previous study. We also compared the irradiation by X-ray and extreme ultra violet rays observed by the
GOES-14 and GOES-15 satellites, which generated Doppler shifts. A positive Doppler shift is consistent with a change of X-ray

flux.

Keywords solar flare, SuperDARN Hokkaido radar, Doppler shift, D-region, F-region, GOES satellite

Citation:
Sci, 2013, 24:12-18, doi: 10.3724/SP.J.1085.2013.00012

Watanabe D, Nishitani N. Study of ionospheric disturbances during solar flare events using the SuperDARN Hokkaido radar. Adv Polar

1 Introduction

During solar flare events, X-ray, extreme ultraviolet (EUV)
rays and high energy particles bombard the Earth. As are-
sult, ionospheric disturbances occur, such as atotal electron
content increase and radio wave absorption. Solar flares are
classified in terms of intensity of soft X-ray (1.0-8.0 A)
radiation. During solar flare events, X-ray flux increases in
intensity by up to 1 000 times, and EUV flux increases by
severa tens of percentage. EUV radiation ionizes the whole
ionosphere and soft X-ray radiation ionizes the region un-
der the E-region ionosphere’¥.

Kikuchi et al.”” described using the HF Doppler sys-
tem data in which Doppler shifts in HF radio waves during
solar flare events are caused by two factors, and discussed
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the importance of both factors. One is the apparent decrease
in the ray path as a result of the change in the refraction
index caused by increasing electron densities in the
D-region (non-deviating slab) ionosphere (factor A). The
other is the ray path decrease because of the descending
reflection point associated with increasing electron density
in the F-region ionosphere (factor B). Figure 1 illustrates
the cases for factors A and B with the change in X-ray and
EUV flux.

These factors were originally described quantitatively
by Davies et a.[¥. Setting the refractive index as n, wave

frequency asf, and wavelength as A, we have:
c

| =5, (1)

nf

where ¢ denotes the speed of light. The frequency deviation
of the received signal Af is given by a time derivative of
the number of waves on the path s, i.e., 9A, as:
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Figure 1 Model of Doppler frequency deviations caused by
D-region (nondeviating slab) electron density increase and leading
apparent ray path decrease (a, factor A) and F-region electron
density increase causing reflection height decrease (b, factor B).
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We define the apparent path P as:
P=ns. 3
From Egs. (1), (2) and (3), we obtain:
_ fdP
Df =- cd 4

First, we consider factor A. In this case, the change in
refractive index, An, is caused by the extraionization in the
D-region ionosphere (non-deviating slab). According to
Eq.(3), AP isgiven by:

DP = 2Dn>d . 5)
sing

From Egs. (4) and (5), we obtain:
fd dn 1
¢ “dt “sng’ ©)
where d is the thickness of the D-region ionosphere and 9 is
the elevation angle.
If we ignore the presence of the geomagnetic field and

collisions between electrons and neutra particles, the re-
fractive index nis expressed by:

Df =-2

kN
2 —

n-=1- (2 @)
where k=8.06x10™ m*s?. Accordingly, An is described as:

_ 1 DN

Dn =- 5 xK 2 - (8)

By substituting Eq. (8) into Eq. (6), we obtain:

Ckd AN 1

= of @t S ©

From Eqg. (9), we note that Af is inversely proportional to f
and sing.

In case of factor B, the changing reflecting height is
caused by extra ionization in the F-region ionosphere. Pre-
suming that Ah << h, AP is given by:

DP = 2xDhxsing , (10)
where h is reflecting height. Substituting Eg. (10) into Eg.
(4), we obtain:

Df =-2_x xim, (12)

Note that Af is proportional to f and to sind for case B.

Kikuchi et al.”?, using the HF Doppler technique, ana-
lyzed the frequency dependence of the HF wave Doppler
shift during solar flare events in 1982. They found that
there were cases where the Doppler shift was inversely
proportional to f. This result indicated that the significant
change in electron density in the D-region ionosphere is
dominant during solar flare events. However, there were a
few events where the Doppler shift was proportional to f, so
they could not reach afirm conclusion.

Doppler shift also depends on the elevation angle 6.
Kikuchi et . could not analyze elevation angle depend-
ence because the transmitter and receiver positions of the
HF Doppler system were fixed so that the ray path geome-
try was very limited. In this study we analyze the range and
elevation angle dependence of the HF wave Doppler shift
during solar flare events using the SuperDARN Hokkaido
radar. We aso anayze the variations of the irradiation of
X-ray and EUV during solar flare events and compare them
with the Doppler shift of the radar echoes.

2 Dataanalysis

We used the SuperDARN Hokkaido radar® data for the
analysis. This radar is one of the SuperDARN radars and is
located at the lowest geomagnetic latitude for these radars.
The radar field of view is shown in Figure 2. The advantage
of these geographical characteristics is that it is relatively
easy to detect solar flares because of the relatively small
solar zenith angle. The temporal resolution is 1 s-2 min,
spatial resolution 15-45 km and peak power 10 kW.
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Figure2 Field of view of the SuperDARN Hokkaido Radar.

Radar echoes are classified into two categories (Figure
3). One is the ionospheric scatter echo where radar waves
are backscattered by ionospheric irregularities. The other is
ground scatter echoes where radar waves are reflected at the
ionosphere (or the Earth’s surface) and backscattered by
irregular structures of the Earth’s surface. Generally ground
scatter echoes have small Doppler shifts and small Doppler
spectral widths®. In this study we focus on ground/sea
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scatter echoes with 1 hop geometry!®”, as shown in Figure
3.

Magnetic field lines
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X /

’ Ground scatter echo

Illustration of two kinds of echo receiption geometry.

Figure3

We obtain three types of parameters (echo power,
Doppler velocity and Doppler spectral width) from the
Doppler spectra of radar echoes. In this study, we analyze
the Doppler velocity parameter. The Doppler velocity v is
given by!®:

cDf

VE o (12

In case of factor A, from Egs. (9) and (12), visgiven by:

kdd dN 1
= x

f2 dt sing’ (13)

In case of factor B, from Egs. (11) and (12), we obtain:
_ .dh.
V=- 2asmq . (19

Factors A and B affect the Doppler shift separately and si-
multaneously, so v is described as follows:
k>d dN 1 dh
XX - 2
T f2 Tdt sing dt

(15)

The radar data also contain elevation angle informa-
tion, which is derived from the phase difference in the main
and interferometer array signals (e.g., Milan et al.[¥). There
is usualy a hardware offset in the phase difference parame-
ter and consequently the elevation angle data may contain
errors. Usually the parameter is calibrated by technical ex-
periments or the observation of meteor echoes. Unfortu-
nately the Hokkaido radar data have not yet been fully cali-
brated. Therefore we calculate the elevation angle (proxy
value) from the dant range information. Figure 4 shows a
simple model used for calculating elevation angle (proxy).
Assuming the reflecting height is constant at 250 km, 6 is
calculated as follows:

250
12 -

Strictly speaking, the reflecting height increases dightly
with the elevation angle at a fixed frequency. According to
the ray path calculation result using the model ionosphere
by Nishitani and Ogawd®, the reflection height is about
250 km at the ground backscatter range of 700 km whereas
it is about 200 km at a range of 1 800 km during daytime

g =arcsin—— (16)
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under disturbed conditions. Under these conditions, there is
an approximately 3° elevation angle error at a range of
1 800 km in our model. However, we confirmed that con-
sideration of this height change does not affect our results
for the evaluation of factors A and B.

2

250 km
0

Figure 4 A simple model of caculating the elevation angle
proxy value based on the slant range reflection assumed height
and radar wave path geometry.

Together with the Hokkaido radar data, we use X-ray
and EUV radiation data observed by the GOES-14 and
GOES-15 satellites in geosynchronous orbit. The temporal
resolution of the data used in this study is 1 min.

The flares from Dec 2006 to Apr 2012 meeting the
following criteria are surveyed for this analysis. (1) The
flare classis larger than M 2.0. (2) The flare occurred from
0600 to 1800 Japan Standard Time (JST). In the next sec-
tion we focus on the result of the event analysis, with some
description of the statistical survey.

3 Results

3.1 Event study

Here we study two solar flare events where the ionospheric
effect of the solar flare was clearly registered.

3.1.1 Eventon 9Mar 2012

First we describe the solar flare event that occurred on 9
Mar 2012. The top panel of Figure 5 presents the temporal
variation of the Doppler velocity observed from beam 4.
During this event the radar was operating in the
“themisscan” mode, where the camping beam 4 was sam-
pled every 8 s. The first range gate and range resolution
were 180 km and 45 km. The vertical axis shows the range
gate. The color scale is from —30 m's™ to 30 ms* where
blue corresponds to positive values (towards the radar) and
red to negative values (away from the radar). The horizontal
axis gives universal time (UT) (JST=UT+9 h). The second
and third panels show the radiation of X-ray and EUV. In
the second panel, the black curve is the hard X-ray of
0.5-4.0 A wavelength (left axis) and the red curve is the
soft X-ray, of 1.0-8.0 A wavelength (right axis). In the
third panel, the black curve is EUV of 50-170 A wave-
length (left axis) and the red curve isfor 304 A wavelength.
It is clear that positive variation of the Doppler velocity
occurred twice, at 0325 UT and 0330 UT. At the same time,
the X-ray and EUV irradiations increased. A sudden
fade-out of echoes was observed just after the positive
Doppler velocity. This fade-out is likely to be caused by
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radio wave absorption because of an extraincrease in the D
and E-region electron densities. To study this Doppler shift

15

in more detail, we analyze its range and elevation angle
(proxy) dependence between 0325 UT and 0326 UT.
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Figure5 Tempora variation of Doppler velocity observed by the SuperDARN Hokkaido radar, together with X-ray and EUV flux on 9

March 2012.

Figure 6 shows the relationship between the Doppler
velocity (vertical axis) and range gate (horizontal axis). The
parameters for beam O to beam 7 are superimposed to add
the data points. We confirmed that the beam number de-
pendence on the Doppler velocity is relatively small. It is
apparent that Doppler velocity is faster for longer ranges,
especially from range gates 20 to 40.

Figure 7 shows the relationship between Doppler ve-
locity (vertical axis) and elevation angle proxy value (hori-
zontal axis) calculated using the method described in the
previous section (Eq. (16)). Thered line is the fitting curve,
which will be described later in this section. Parameters are
confined from range gates 20 to 40 because, judging from
the continuity of values, including the observed elevation
angle values with hard offset (not shown here), it is cer-
tainly in this range that echoes can be regarded as 1-hop
ground scatter echoes. We can say that the Doppler velocity
is faster for a smaller elevation angle (proxy). These range

and elevation angle dependencies may indicate that the ef-
fect of increasing electron densities in the D-region iono-
sphere (non-deviating slab) is dominant.
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Figure6 Plot of Doppler velocity versus range gate at 0325 UT,
9 March 2012.
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Figure 7 Scattered plot of the Doppler velocity versus elevation
angle proxy value at 0325 UT, 9 March 2012. The red curve show
the result of fitting to Eq. (17).

As described before, the Doppler velocity is given by
Eg. (15), so we can fit the data points of Figure 7 into:

.1 .
v=a ﬁ+b sing , an
and obtain the red curve:
a .1 .
v =38.80 ﬁ+14.12 sing . (18)

For the elevation angle of 10° to 40° where most of the data
exist, sind is smaller than 1/sind, therefore it is presumed
that the second term of Eq. (18) is generally negligible.
Furthermore, considering the propagation of errorsin v, we
found that errorsin a are relatively small and in b relatively
large. Therefore it is difficult to assess value b quantita-
tively. Thus, we discuss only value a. There are also errors
because of the difference in reflection height for different
ranges. However, we confirmed that the effect of this error
isnegligible in evaluating value a.
Comparing Eqg. (16) with Eqg. (9):

k>d dN

f2 dt
Thus we can estimate the variation in the D-region electron
density with a few assumptions. Assuming that k=8.06x
10™ m*s? f=11 MHz, d=30x10° m, we obtain dN/dt=
4.40x10° m™-s? (detailed discussion in the next section).

We show the temporal variation in echo power in Fig-

ure 8. The top panel is the Doppler velocity and the second
pand is the echo power for several range gates. The echo
power started decreasing when positive Doppler velocity
occurred. This is consistent with results showing that the
D-region electron density change is dominant.

3.1.2 Event on 9Aug 2011

=880. (19)

We next analyze the solar flare event that occurred on 9
Aug 2011. During this period the radar was operating in the

“normalscan” mode, sequentially sampling beams 15, 14, ...,

1 and 0 with a 3 sintegration time for each beam, and sam-
pling the whole field of view every 1 min. The first range
gate and range resolution were 180 km and 45 km. The top
panel of Figure 9 shows the temporal variation of the Dop-

March(2013) Vol. 24 No.1

pler velocity observed by all beam directions, and the sec-
ond and third panels show the temporal changesin radiation
for X-ray and EUV. The positive Doppler velocity began
when the solar irradiation started increasing (0802 UT).
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Figure 8 Tempora variation of echo power (lower panel) com-
pared with the Doppler velocity (upper panel) on 9 March 2012.
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Figure 9 Temporal variation of Doppler velocity observed by
the SuperDARN Hokkaido radar, together with X-ray and EUV
flux on 9 August 2011.

Figure 10 shows the relationship between the Doppler
velocity and range gate, and Figure 11 shows the relation-
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ship between the Doppler velocity and elevation angle proxy
when positive Doppler velocity occurred (0802 UT to 0803
UT). The Doppler shift has a positive correlation to the range
and a negative correlation to the elevation angle proxy.

We obtain the fitting curve (red curve in Figure 11):

_ .1 .
v=249 Snq +184" sing , (20)
which yields dN/dt=1.24x10° m*®s* in the same way as in
the previous event. We considered only the value a for the
same reason as in the previous event.
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Figure10 Plot of Doppler velocity versus range gate at 0802 UT,
9 August 2011.
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Figure 11 Scattered plot of the Doppler velocity versus eleva-
tion angle proxy value at 0802 UT, 9 August 2011. The red curve
show the result of fitting to Eq. (17).

3.2 Satigtical study

We performed statistical analyses of flare events larger than
M 2.0 from Dec 2006 to Mar 2012, for 0600-1800 LT (total
number: 29). Among them, 24 events showed clear positive
Doppler shifts for the ground scatter echoes. Of these 24
events, 11 showed a positive range dependence on the Dop-
pler shift. This result indicates that the D-region electron
density change is a dominant factor during solar flare
events. The other 13 events did not show obvious range
dependence. This might suggest that there is some effect
from the F-region electron density changes but it is signifi-
cantly smaller than the D-region effect, or the effect of
noi se scattering Doppler velocities.

4 Discussion and conclusions

We analyzed solar flare events using the SuperDARN

Hokkaido radar. We succeeded in establishing range and
elevation angle dependence on the HF wave Doppler shift,
which could not be analyzed using the previous HF Doppler
method. We also used X-ray and EUV flux data. Obviously
there was a correlation between the radiation flux and Dop-
pler shift changes.

In Figure 5, positive Doppler velocity was registered at
the time X-ray and EUV flux was increasing. When the flux
was decreasing or unchanged, positive Doppler velocity
was not registered. Therefore, this change in Doppler ve-
locity corresponds to an increased rate of solar irradiation.
In Figure 9, positive Doppler velocity was also registered
when the X-ray and EUV flux was increasing. This change
in Doppler velocity was likely to be caused by the two fac-
tors A and B as previoudy described. In both events, the
Doppler velocity shows positive correlation with the range
in Figures 6 and 10, and negative correlation to the eleva
tion angle in Figures 7 and 11. This dependence is charac-
teristic of factor A. Thus, we can say that this Doppler shift
was caused mainly by the increasing D-region
(non-deviating slab) electron density. Thisis consistent with
the results of Kikuchi et al./?.

Figure 8 indicates that the positive Doppler shift and
echo power decrease began simultaneously. Decreasing
echo power is most likely caused by radio absorption with
the extra increase in D-region electron density. Therefore,
this might be additional supporting evidence that increasing
electron density in the D-region is a more dominant factor
than in the F-region.

In the other 13 events, Doppler shift also has positive
range dependence and negative elevation angle dependence.
Although the other 13 events show scattered relationships,
no event shows that the Doppler shift has a negative corre-
lation to the range or positive correlation to the elevation
angle. Therefore, there was no possibility in the events we
analyzed that the electron density variation in the F-region
ionosphere was more dominant than in the D-region.

We estimated the amount of electron density changein
the D-region from the fitting curves. The value obtained for
the event on 9 Mar 2012 was dN/dt=4.40x10° m*s* and
that obtained for the event on 9 Aug 2011 was dN/dt=1.24x
10° m3st Kikuchi et al.”? estimated d(Nd)/dt=2x10"
m3s?, i.e, d\/dt=6.67x10° m™3s?, for their event on 5
June 1982. Both events we analyzed showed values consis-
tent with Kikuchi et .. The value obtained for the event
on 9 Aug 2011 was larger than for the event on 9 Mar 2012.
We do not discuss the electron density change of the
F-region ionosphere because of large errors in the value b.
We need more precise observation for detailed discussion
on thisfactor.

We aso compared the estimated electron density
changes with the variation in X-ray and EUV irradiation.
For the event on 9 Mar 2012, X-ray and EUV irradiation
change rates (at 0325 UT) were dI/dt=9.53x10° W-m and
di/dt=2.13x10"" W-m™. For the event on 9 Aug 2011, X-ray
and EUV radiation change rates (0802 UT) were dl/dt=
3.05x10* W-m? and di/dt=1.84x10° W-m® The values
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were larger for the event on 9 Aug 2011. This difference
was consistent with the Doppler shift difference.

Examining Figures 5 and 9 carefully, we find that
positive change in the Doppler shift is likely to correspond
more closely to increasing X-ray flux than increasing EUV
flux. X-ray and EUV ionize different regions of the iono-
sphere, so the Doppler shift was probably generated in the
region where the X-ray ionized. This suggestion is consis-
tent with the result that the D-region electron density in-
crease is dominant. To reach a firm conclusion, we need to
study more events statistically.

In conclusion, during solar flare events, the electron
density increase in the D-region ionosphere is dominant and
the amount of electron density change corresponds to the
solar flux change. Of course these characteristics may de-
pend on local time, season and solar zenith angle. We need
to analyze these characteristic more statistically. This is a
subject for future study.
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