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Abstract. Measurements of the ionospheric E-region during1l Introduction

total solar eclipses have been used to provide information

about the evolution of the solar magnetic field and EUV andMeasurements of EUV and X-ray emissions from the so-
X-ray emissions from the solar corona and chromospherelar corona and chromosphere as measured by the response
By measuring levels of ionisation during an eclipse and com-of the Earth’s ionosphere during total solar eclipses have
paring these measurements with an estimate of the unpebeen presented in a previous publication (Davis et al., 2001).
turbed ionisation levels (such as those made during a controlhis work was carried out to obtain information about the
day, where available) it is possible to estimate the percentlong-term changes in these emissions in order to supplement
age of ionising radiation being emitted by the solar coronawork that indicated that the strength of the coronal magnetic
and chromosphere. Previously unpublished data from thesource flux had doubled over the last century (Lockwood et
two eclipses presented here are particularly valuable as thegl., 1999). As details of the technique are contained in the
provide information that supplements the data published tgorevious paper (Davis et al., 2000), only a brief overview of
date. The eclipse of 23 October 1976 over Australia pro-the method will be presented here.

vides information in a data gap that would otherwise have By measuring the variation of electron concentration in
spanned the years 1966 to 1991. The eclipse of 4 Decemthe Earth’s ionospheric E-region during an eclipse and com-
ber 2002 over Southern Africa is important as it extends theparing these measurements with similar unperturbed ionisa-
published sequence of measurements. Comparing measurgéien levels (such as those made during a control day, where
ments from eclipses between 1932 and 2002 with the solaavailable) it is possible to estimate the fraction of ionising
magnetic source flux reveals that changes in the solar EUVfadiation®, being emitted by the solar corona and chromo-
and X-ray flux lag the open source flux measurements bysphere

approximately 1.5 years. We suggest that this unexpected re-

sult comes about from changes to the relative size of the limb dNg/dt +oeN§

corona between eclipses, with the lag representing the time” — dNc/dt +aN2 @)
taken to populate the coronal field with plasma hot enough to ¢
emit the EUV and X-rays ionising our atmosphere. whereNg and N¢ are the electron concentration on the day

of the eclipse, and the control day respectively and the
nrecombination rate for the ionisation at E-region altitudes
?around 100 km).
In order that values ofd can be compared between
eclipses, these values are corrected to allow for the apparent
diameter of the lunar shadow with respect to the solar disk,

Correspondence taC. J. Davis as this differs between eclipses. Davis et al. (2001) identi-
BY (chris.davis@stfc.ac.uk) fied two methods of correction. Firstly a simple geometric

Keywords. lonosphere (Solar radiation and cosmic ray ef-
fects) — Solar physics, astrophysics, and astronomy (Coro
and transition region; Magnetic fields)

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2450 C. J. Davis et al.: Lag between open solar magnetic source flux and solar EUV and X-ray emissions

as a fraction of the range of sunspot numbers in that cycle.
As such, it represents a fraction of the activity within that

cycle rather than the fraction of the cycle duration. While

such a definition is free from uncertainties introduced by the
variable nature of the length and shape of each activity cycle,
it remains important to ascertain how sensitive the resulting
correction factor is to systematic errors in the chosen value

) of f. In order to investigate this, the sensitivity of the correc-
W tion factor was calculated as a function pfand ¢ +dr)/r,
the ratio of lunar to solar radii. It was found that, for all radii
ratios between 1 and 1.15, a 10% uncertainty in f introduced
an uncertainty into the correction factor of no more than 2%.
It should be noted that Eq. (3) represents the corrected form

o
Berridale of the equation quoted in Davis et al. (2001) (a typograph-
ical error that does not affect their results or conclusions).

. totality While the assumption of a linear variation in this function is

tral line of S ) ) X
Cen simplistic, we use this method for consistency with results
published previously. The limb profiles used were originally

derived from SOHO data prior to 2001 and so a more de-
tailed study can now be made of this variation. This will be
the subject of future work.

CanBerra

2 Previously unpublished results

2.1 23 October 1976

This eclipse was observed from Berridale, Australia
(36°22' S, 14849 E) using an IPS 4B ionosonde. Re-
Fig. 1. The path of totality at an altitude of 100 km for the solar sults were recorded to and scaled from 16 mm film. In
eclipse over Berridale, Australia on 23 October 1976. the E-region, at an altitude of 100 km, the eclipse began at
05:40:19 UT and ended at 07:44:51 UT with two and a half
] o minutes of totality between 06:44:27 UT and 06:46:57 UT.
correction that assumes a constant emission level for the eng map of the path of totality at 100 km is shown in Fig. 1.
tire chromosphere and corona; The ionograms for this day contained sporadic-E reflections
- >2 that, in some cases, obscured or introduced uncertainty into
2

the scaledoE values. Where Es obscured the E-layer values,
the data were discarded. This accounts for the brief data gap
wherer is the apparent solar radius aneldr is the appar- between 15:30 and 16:00 UT. Fortunately there was no such
ent lunar radius. Secondly by applying a more detailed cor-ambiguity at totality. No control data were available and so
rection that uses estimates of the average coronal emissiom polynomial was fitted to the data prior to the onset of the
as a function of solar radius (as estimated from Solar He-eclipse on the 23 October and this was used to estimate the
liospheric Observatory, SOHO, data) to produce a correctedinperturbed ionospheric variation during the eclipse. Since
value,®g. Two such functions were produced, for solar max- the eclipse occurred in the latter half of the day, this provided
imum and minimum. Values o®’ could therefore be es- nine hours of data for the fit.

timated for both solar maximum and solar minimum condi-  Figure 2a shows the variation in electron concentration

tions. Assuming that the variation between these two profiIeS(aS estimated fronfoE values) for 23 October 1976 com-
is linear, this gives; pared with the polynomial used to estimate the non-eclipsed

i heric variation in the absence of control data. By
D5 = fDsmaxt (L— f)Psmi 3)  lonhosph ,

s = f®smaxt (1=f) Psmin @) comparing these two data set¥, can be estimated from
where f is the fractional phase of the solar cycle on the dayEq. (1) and these results are shown in Fig. 2b. For Berridale,
of the eclipse. This fractional phase was characterised fon,in=10.9t0.7. By applying the two correction factors de-
each eclipse by calculating the sunspot number on that datscribed previouslyp’'=18.741.2 and®g=17.14+4.1.

P =1-(1-9
( )<r+dr
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Fig. 2. (a)Electron concentration in the ionospheric E region during

eclipse at Berridale (data points) compared with the control datq;ig_ 3. The path of totality at an altitude of 100 km for the solar
(solid curve). For this eclipse, the control data were obtained byeclipse over Madimbo. South Africa. on 4 December 2002.
fitting a parabola to the data from 23 October prior to the onset of ' '

the eclipse(b) The fraction of ionising radiationp, visible during

the total eclipse at Berridale on 23 October 1976. . .
P ®=18.2£4.5 (with a sunspot number of 82 in December

2002, in a cycle with a range of 169, the estimated value for
2.2 4 December 2002 f was 0.48).

This eclipse was observed from Madimbo, South Africa

(22°22.8 S, 30°52.8E) using a Lowell Digisonde DPS-4 3 Eclipse observations and the coronal magnetic source

(Bibl and Reinisch, 1978). Results were recorded digitally  flux

and manually edited using the software provided. At an

altitude of 100km above this location, the eclipse beganwhen the two additional eclipse results are plotted alongside

at 05:11:02 UT and ended at 07:35:44 UT with one minutethe previously evaluated estimates fby ® and ®g for all

and twenty seconds of totality between 06:17:52UT andother eclipse observations (Figs. 5, 6 and 7) it is clear that

06:19:12UT. The path of totality at 100 km is shown in estimates from these two dates provide valuable additional

Fig. 3. Control data were provided by measurements frominformation both during a previously large data gap and the

the previous day, 3 December 2002. first estimate after the peak of the last cycle when the source
Figure 4a shows the variation in electron concentration (adlux itself is seen to be in decline. While there appears to

estimated fronfoE values) for 4 December 2002 compared be little relation between the uncorrectédvalues and the

with the polynomial fitted to the control data (taken from the coronal source flux (Fig. 5), when correction is made for the

previous day, 3 December 2002). The resulting values ofapparent size of the Moon, the resultidg values appear

® are shown in Fig. 4b. For this eclips®min=13.5+1.1 to follow the changes in coronal source flux more closely

and after corrections have been appli€gd=17.0:1.4 and  (Fig. 6). A similar correlation is seen when ttevalues are

www.ann-geophys.net/27/2449/2009/ Ann. Geophys., 27, 2485-2009



2452 C. J. Davis et al.: Lag between open solar magnetic source flux and solar EUV and X-ray emissions

11 9
2.5x10
(@) _8F  ®(%l4) .
i)
ol ] =
P2
E =7 ]
- —
= 2
S w
g 157 ] % 6F | 1
£ z ki '
8 [3) . A\ﬂl ’*' H'N
c = L ] n 4
s} © 5 I
o 1 h S l\ ‘lnl '\\ ‘\1/\ " AH‘ \HJ‘: H"
5 g v ‘A,‘\"\H# NI
=1 2 At [T A v ! 4
S 3 \ “y [ A T L A R R R
o 0.5F E 5 Vo S R | IS RS R \,+
(IO) 3 ‘, [ ,’ ' U/ ‘, | \\ ! ! (#l v \\ I’ \\r “‘ il
3 Y] \1 ot ',’ V 4)4) v ¢ ’
2 4 6 8 10 12 14 16 18 2f Y NI 1
Time, UT (hours) N %
1860 1880 1900 1920 1940 1960 1980 2000 2020
Year
150
Fig. 5. A comparison of uncorrected values obtained for 15
eclipses from 1932 to 2002 compared with the total solar source
flux, F.
100F
9
)
_8F @ (%l4) 1
2
50+ 2
<
—10 77 -
g
w
X 6f 1
T \‘F‘}) ;!
% a 5 6 7 8 2 : i o
d 2 5r ! . ", f» ‘rm i
Time, UT (hours) S v " n, Gy “ | ﬁ#«‘ il '\nl
! I | !
%4* “ ", ’MVHA ot “ ! %\‘ ! '\n"‘ : \\ J+ B
. . . . . . | \ I |
Fig. 4. (a)Electron concentration in the ionospheric E-region dur- £ PR N T FERY Y VA !
. . . . . . \ ) \
ing eclipse at Madimbo, South Africa (data points) compared with &3 | /| \ 0l T ) oy |
. . . = \
the control data (solid curve). For this eclipse, the control data were £ PN v T I
. e . (%] P /
obtained by fitting a parabola to data scaled from the previous day. ~ 2 Y - 1
(b) fraction of ionising radiationg, visible during the total eclipse ’
at Madimbo, South Africa, on 4 December 2002.

1 | | | | | | |
1860 1880 1900 1920 1940 1960 1980 2000 2020
Year

corrected using an estimate of the coronal limb profile from Fig. 6. The same as Fig. 5 but after tevalues have been corrected
ga P for the relative size of the lunar shadow assuming a linear change in
SOHO datags (Fig. 7).

coronal intensity with radius to giv@’ values.
Itis not surprising that trends i show similar variations

to the coronal source flux since both are influenced by the

evolution of the solar coronad values represent the frac- formation about the timescales of the mechanisms involved
tion of ionising radiation emitted by plasma in the uneclipsedin the evolution of the solar magnetic field.

corona. Since the apparent area of the eclipsed disk will re- In this analysis, we are comparing yearly source flux aver-
main relatively constant as viewed from Earth, an increase irages with measurements of EUV and X-ray emissions from
® represents an increase in the size of the extended cororthe limb-corona made over a few hours. Given this differ-
with respect to this disk. Similarly, the coronal source flux ence, it is perhaps surprising that so many of the eclipse
is a measure of magnetic field threading the solar source sumeasurements follow the source flux trend so well. Such a
face and extending into the heliosphere. An increase in coroeorrelation could be taken to indicate that the underlying in-
nal source flux therefore represents an expansion of corondénsity of EUV and X-ray emissions from the Sun vary over
magnetic fields across this surface. As these field lines arenuch longer timescales than a day. Any deviation from this
populated with plasma, this will modulate the distribution of agreement could be due to a short-lived event such as a solar
ionising radiation. The correlation between these two datéflare or coronal mass ejection which adds to the background
sets, together with any observed lag, therefore provides inemission intensity.

Ann. Geophys., 27, 2442456 2009 www.ann-geophys.net/27/2449/2009/
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The following correlations were carried out usifg values N Jl |
since some correction is necessary to account for the smal
variation in apparent lunar diameter between eclipses. For

completeness, the results of a similar analysis usiggro 19201930 1940 1950 1980 1970 1980 1990 2000
corrected values is summarised at the end of this section.

A Pearson’s correlation test was applied to the two datasetgig g, (a) variation of correlation coefficient between values of
for a I‘ange Of IagS. The S|gn|f|cance Of the Corre|atlon WaScpmin and solar magnetic source flux for |ags betweem and 5

then calculated from the Student’s t statistic; years (solid line). The dotted lines represent the upper and lower
1 bounds of the 95% confidence interval for each coefficiéntSo-
t=|cc| { ni—2 } 2 lar source flux compared with the saévalues as shown in Fig. 6
1—|cc] but now with the eclipse measurements offsettiy2 years where

) ) - _ the maximum correlation between the two data sets occurs.
Wherecc is the correlation coefficient ang is the number

of independent samples computed from the number of data

points n, allowing for persistence in the data. To account forKrolik, 1988). When applied to the time series of eclipse ob-
persistence in the data, the first lag in the auto-correlatiorservations, this gives a value for the first lag of 0.46®in

functions (ACFs) of both data set8X, «2) was used to es- values, 0.8 ford’ values and 0.37 when applied @soHo
timate the number of independent data points from the  values.

expression, For each lag in the range5 to +5 years, coronal source

4) flux values at the times of the eclipse observations were esti-
mated by interpolation. It was found that a maximum corre-
wheren is the number of eclipse observations. Having cal- lation of 51% occurred fo®’ values when they were offset
culated the t statistic, the significance can be obtained fronby —1.2'5% years compared with the source flux (Fig. 8).
the r cumulative distribution function, with the number of The uncertainties represent the range of lag values where the
degrees of freedom; — 2. probability of the correlation occurring by chance was within
The ACF of the coronal source flux data gives a value at5% of the peak lag value. The significance of this result is not
lag 1 of 0.72 (when the zeroth lag is scaled to unity). Thegreat, with a 19% probability that it occurred by chance.
equivalent for the sequence of eclipse observations is not so With so few (15) data points, the chances of a single
straight forward since the data are not evenly sampled irpoint having a disproportionate influence on such a corre-
time. An estimate of this lag value can be obtained by us-ation becomes significant. In order to investigate whether
ing the Discrete Correlation Function (DCF) (Edelson andany of the individual eclipse measurements were having

ni =n(l—a1e2)/(14+a102)

www.ann-geophys.net/27/2449/2009/ Ann. Geophys., 27, 2485-2009
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Fig. 9. (a) Variation of correlation coefficient between 14 values of Fig. 10. (a)Variation of correlation coefficient between 14 values
@’ and solar magnetic source flux for lags betwedhand 5 years  of &g and solar magnetic source flux for lags betweehand 5
(solid line). The dotted lines represent the upper and lower boundsears (solid line). The dotted lines represent the upper and lower
of the 95% confidence interval for each coefficighi. Solar source  bounds of the 95% confidence interval for each coefficigg)tSo-

flux compared with 14 of the previous’ values (an outlier having  lar source flux compared with X values corrected using a coronal
been identified and removed) offset byL.5 years corresponding to  limb profile calculated from SOHO data. Thedg data are offset

the offset where the maximum correlation between the two data sethy —2.7 years corresponding to the maximum correlation between
occurs. these two data sets.

an unreasonably large influence on the correlation procesgersistence in the two data sets into account, is 96% (a 4%
Cook’s distance (Cook, 1979) was calculated for all points atlikelihood that the correlation occurred by chance).

each lag. This parameter is a measure of the influence each While this revised result appears to be an improvement,

data point has on all the other data in a fit. A data point isbefore we discard a data point, it is important to understand
considered to have an unreasonably large influence over th@hy that data point may be inconsistent with the rest of the

rest of the data set if its Cook’s distance is greater than theneasurements.

median of the F-distribution. When the eclipse data were There were no significant changes in solar emissions or

examined in this way, it was found that one data point wasso|ar activity during the eclipse of 11 August 1999. The aa
having a significant influence over the rest of the data, parindex, from which the solar source flux estimate is derived, is
ticularly at longer lags. This point is the observation madegnly 14.1 on that day and does not vary significantly around
during the solar eclipse in 1999 for which Cook’s distance that date. It is likely therefore that the apparent inconsistency
exceeded the threshold by over 30%. of this result lies in the fact that the observations made at Hel-
If this data point is discarded and the correlation recalcu-ston in Cornwall in 1999 were made at the extreme northern
lated, a maximum correlation of 80% occurs when @ie  limit of the path of totality at 100 km (Davis et al., 2000).
eclipse measurements are offset-by.5" i:i years (Fig. 9). It was estimated that totality lasted around 8 s while the ca-
The significance of this correlation, once again taking thedence of the observations was of the order of one minute. Itis

Ann. Geophys., 27, 2442456 2009 www.ann-geophys.net/27/2449/2009/
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conceivable therefore that the true minimum value occurred To ensure that the variation we seedhis not simply due
between measurements and that the recorded minimum ionde changes in the emission intensity of the corona, we com-
spheric concentration represents an upper limit only. pared the coronal green line index with the eclipse measure-

The above ana|ysi5 was carried out with the value®’of ments. If there is a Significant offset in time between the di-
observations corrected using a geometrical factor to accourfect measure of the coronal intensity and those inferred from
for the relative size of the Moon with respect to the Sun. the eclipse measurements, this is evidence that the observed
When the analysis was repeated for uncorreckedalues,  changes ind’ result from something other than a change in
a maximum correlation of 0.68 significant to 98% was found total intensity.
when the eclipse observations were offset—bysji years. Taking monthly values of the coronal green line index and
For those data scaled using a limb correction derived fromcomparing them with the relative intensities corrected for ge-
SOHO datags, a maximum correlation of 0.79 (significant ometric effects®’, gives a maximum correlation of 0.7 (sig-
to 99%) was found when the eclipse observations were offsetificant to 96% when the persistence of the two data sets are
by —Z.ﬁ%‘? years (Fig. 10). While the various estimates of accounted for) when the eclipse measurements are offset by
the offset between the eclipse measurements and the soureel.8'}-; years with respect to the coronal index. This is con-
flux may differ in value and significance, they are consis- sistent with our previous results.
tentin indicating that the coronal emission intensity (as mea-
sured by the ionospheric response during total solar eclipses)
appears.to lag .the.evo!utic.)n of the solar co_ronal field andg  piscussion and conclusion
this has interesting implications for the evolution of the solar

corona. In order to interpret our results, it is useful to recall that with

the eclipse measurements, represents the intensity of the

uneclipsed fraction of the corona compared with emission
5 What could such a lag indicate? from the entire Sun. If the emission from the corona and disk

both increased in intensity, then the ratio we are measuring

The presence of a potential lag between the source flux vaI‘-NOUId not change. If the location of emission changes, with

ues and the eclipse is curious when considered in the context greater proportion coming from higher in the corona where

of other observations and modelling work. There is evidence,'t is not obscured during an e_cllpse, the va_lueclx)frylll In-
ease. As a result, changesdrbetween eclipses indicates

for example, that the cosmic ray flux observed at Earth IagsCr RO 0 .
solar activity by several months (Minarovjech and Kudela, & red|§tr|butlon of the emission r.ather t han changes in total
2004). Since the cosmic ray flux arriving at Earth is modu- mtensﬁy. Such changes_ n totallmtensn)./ may occur but our
lated by the interplanetary magnetic field, this could be inter-tECh_nlque does not prowde any mf_ormatlon on the_m.

preted as evidence that the emergence of magnetic flux across Since we have a direct observation of changes in the coro-
the source surface lags solar activity. In their study Minarov-nal green line emission intensity and these are lagged by the
jech and Kudela estimated solar activity from both sunspot€€lipse measurements, it seems likely that the trends in the
number and the coronal green line index and obtained simfWo data sets result from two different causes (although it
ilar results for both when comparing them with cosmic ray Must be remembered that the coronal green line is only part
data. Modelling work on the evolution of the coronal mag- of the spectrum of solar radiation responsible for ionising the
netic field during the solar cycle (Wang and Sheeley, 2003)Earth’s upper atmosphere and may not be representative of
indicates that the time taken for emerging loop structuresthe whole spectrum).

to propagate outwards and polewards from the photospheric Why do the changes in distribution of the ionisation ap-
equator and populate the far corona is of the order of yearspear to lag the emission intensity and the solar source flux?
Open flux accounts for 1-2% of the magnetic flux emerg-Does this time lag represent the time necessary to populate
ing from the photosphere. Once it has reached the sourcéxpanded field lines with plasma or the time required to heat
surface, changes to the open flux propagate rapidly througBuch plasma to temperatures necessary to generate EUV and
the heliosphere, reaching 1AU in timescales of the order of aX-ray radiation? This latter point could be tested by studying
few days. Since coronal emissions result from plasma assocthe total intensity and distribution of such radiation through-
ated with these magnetic structures, it would therefore seer@ut the entire solar cycle as measured by spacecraft such as
reasonable to suppose that, if anything, measurements of th@OHO. We have embarked on such a study which we intend
coronal source flux at Earth would lag the intensity of coronalto present in a future publication.

emissions. To investigate this we cross-correlated the coro- Observations of the ionospheric response to solar eclipses
nal green line index with the coronal source flux. While the are still somewhat limited as they either occur through
maximum correlation (allowing for persistence in the data) serendipitous alignments or as a result of special campaigns
was 0.74 with a significance of 0.97, there was no significanthat require much time and effort. Adding data from fu-
time lag between the two data sets @:3). ture eclipse experiments or previously unpublished results is

www.ann-geophys.net/27/2449/2009/ Ann. Geophys., 27, 2485-2009
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