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Abstract. Measurements of the ionospheric E region duringwas long in comparison with the timescales of change of the
total solar eclipses in the period 1932-1999 have been useidnosphere itself. Nevertheless, measurements were made
to investigate the fraction of Extreme Ultra Violet and soft with enough resolution to determine that the ionosphere was
X-ray radiation,®, that is emitted from the limb corona and created by light rather than by particles.

chromosphere. The relative apparent sizes of the Moon and gy psequent eclipse measurements were designed to inves-
the Sun are different for each eclipse, and techniques are prejyate the chemical composition of the upper atmosphere and,
sented which correct the measurements and, therefore, alloy) particular, to determine the recombination rate of the iono-
direct comparisons between different eclipses. The resultgpheriC plasma (e.g. Minnis, 1955). At lower ionospheric
show that the fraction of ionising radiation emitted by the peights (the E layer), the amount of ionisation at a given
limb corona has a clear solar cycle variation and that the Ungjme is governed by the production and loss processes (pho-
derlying trend shows this fraction has been increasing sincgychemical equilibrium). During an eclipse, it was reasoned,
1932. Data from the SOHO spacecraft are used to study thg,qqyction of ionisation will cease and thus, the loss rate can
effects of short-term variability and it is shown that the ob- e getermined by studying the decay rate of the ionosphere.
served long-term rise i has a negligible probability of be- - The results obtained from such experiments differed consid-
ing a chance occurrence. erably from theoretical calculations and it was eventually re-

Key words. |0nosphere (So|ar radiation and cosmic ray ef- alised that this difference was due to ioniSing radiation com-

fects) — Solar physics, astrophysics, and astronomy (coronH‘g from the uneclipsed solar corona. Attempts to determine
and transition region) the loss rate by such measurements were abandoned in the

mid 1960s when, with the advent of rocketry, in-situ mea-
surements became possible.

Thereafter, the focus of eclipse measurements switched to
the observation of atmospheric waves caused by the passage
of the eclipse shadow travelling at supersonic speeds through

From the very earliest days of ionospheric science, it WaShe atmosphere. Waves are best detected at the focus of a
recognised that measurements of the Earth’s ionosphere du{:’urved eclipse path, away from the zone of totality. As a

N9 :.Otatl stohlar_ efcI:hpses pfr(t)r\,”dgd a uniﬂuezoptﬂertumty totm- result, the more or less unbroken sequence of ionospheric
vestigate the intiuence ot the sun on the Earth S Upper atMog, o 3syrements made under total eclipse conditions came to
sphere. anend.

Initial measurements concentrated on the response time of ) . heri duri
the ionosphere in an attempt to determine whether the ion-, " 1999, interest in ionospheric measurements during ec-

isation in the upper atmosphere was created by electromag{ujses was rekindled by investigations which revealed long-
netic or corpuscular radiation (e.g. Mimno et al, 1933). Such erm changes in the strength of the magnetic field leaving

experiments were technically very difficult at the time be- th€ Sun and entering the heliosphere, the “coronal source

cause radio sounding at many frequencies, required to locathuX” (Lockwood et al., 1999; Stamper et al., 1999). These

the peak concentration of the ionisation, took an interval thatchanges correlate well with changes in the total solar irr.a—
diance (Lockwood and Stamper, 1999; Lean, 2000) and in-

Correspondence taC. J. Davis (c.j.davis@rl.ac.uk) dicate that the percentage of radiation emitted by the solar
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corona should also have increased over the last century.  spanning the period between 1932 and 1999, and to cor-
The solar radiation responsible for the production of ioni- rect these for the relative angular size of the lunar disk in
sation in the E region ionosphere (at altitudes between aboutach case. We also use images from the SOHO spacecraft
100 and 140 km) comes from two distinct regions of the to study short-term variability of chromospheric and coronal
electromagnetic spectrum, as soft X-rays and in the Extrememissions, and assess the implications for studies of long-
Ultra Violet (EUV). The optical depth of the atmosphere at term trends.
these wavelengths is sufficiently large that the ionising radia-
tion penetrates to the E region without being significantly ab-
sorbed at higher altitudes. The behaviour of the E region dur? Method
ing eclipses, therefore, provides an opportunity to investigat
the fraction of EUV and soft X-ray radiation emitted by the
corona. The E-region ionosphere (altitudes below about 14
km) is produced by wavelength bands of about 1-20 nm an
80-102.7 nm. At wavelengths shorter than 1 nm and greate{)rief description will be given here
than 102.7nm (the ionisation threshold fof @olecules), ra- )

diation penetrates to the D region (below about 100 km) and_. At. I_E-reg|0n altitudes, Where_ tra_msport .Of |on|_sat|on IS In-
S ) o 7 7 significant and the loss rate of ionisation is dominated by the
between 20 and 80 nm, it primarily produces ionisation in

the F-region (above about 140 km). The variability of solar _d|ssomat|ve recombination of‘pons, the rate of change of

emissions at wavelengths 100 nm and greater has been stu'é)—nlsatlon generated by solar radiation can be expressed as
ied on solar cycle and longer timescales (Lean, 2000), budN
little is known about long-term variations at the shorter wave- g —
lengths arising from the hotter regions of the Chmm.OSph(:“.rewhereN is the number of electrons per cubic metras the
and corona. The fractional changes in spectral irradiance in-

. X . recombination r is the pr ion rate for an overh
crease with decreasing wavelength, but the changes in absg—ECO bination ratejo is the production rate for an overhead

n, andCh(x ) is the Chapman function which ri th
lute energy flux decrease (below a peak at around 300-40 un, a OC.(X.) S| eC_ap an functio ¢ des_c bes the
: iurnal variation ingg with respect to the solar zenith angle,
nm) because energy flux is much smaller at the shorter wave-
lengths. The strength of the emissions at less than 100 nm i . . S
During a solar eclipse, the production function is mul-

likely to vary on solar cycle and 100-year timescales with tiplied by @, the fraction of ionising radiation that is not

changes in the coronal field, which is the source of the en—eCIipsed at a given time. Comparing the eclipse day with

ergy that heats the corona to temperatures of several million . .
degrees. There are two factors that may influence the corona control day and assuming thgj is the same on the two
9 ' y ays,® can be expressed as a functiomdotinds

heating: the magnitude of the field and the “form factor” that
describes its complexity, and the number and strength of cur- dNg/dt + aNg
rent sheets at which magnetic reconnection and heating ca® = AN /di + aN2
. . . c/dt +aN¢
occur. The relationship of the coronal source flux to either
is not yet known, and is also likely to vary with the sunspot where the subscript8 andC refer to the eclipse and control
cycle. On the one hand, a direct correspondence between thaata, respectively.
ionising flux from the corona and the coronal source flux is The production functiong, is a product of the intensity,
not expected. On the other hand, it is expected that the twd, of the ionising radiation striking the atmosphere, the ion-
will vary together in some way. ising efficiency,;, of the gasses in the atmosphere, the cross
The total eclipse on 11 August 1999 was the first suchsection for absorption of radiatiom;, and the neutral gas
event over the UK since 1927, and provided a timely op-density,n. Although ¢o is assumed to be the same on the
portunity to search for long-term variations in the corona. control and eclipse days, small variations can occur, due to
The resulting measurements of the ionospheric decay werthe occurrence of transient phenomena, such as flares. In or-
used to estimate the percentage of ionising radiation emitder to compensate for this, where possible, the control data
ted by the uneclipsed (limb) corona and chromosphere, ands scaled to fit the trend in the eclipse data prior to the start of
these have been compared with measurements made durirtige eclipse. This would also compensate for any slight dif-
an eclipse in July 1945 which occurred at a similar time of ference in neutral gas concentration or composition between
year, and at a similar phase of the solar cycle (Davis et al.the control and eclipse days. The valuedofs not sensitive
2000). This study indicated that the percentage of ionisingto the exact value ai and thus, it is sufficient to use a typical
radiation emitted by the corona had increased from 16% tovalue and assign error bars that allow for the known uncer-
25% within this time. It was acknowledged in the study that tainty in«. It is then possible to calculate using the peak
this simple comparison did not take into account other pos-concentration of ionisation in the E layer, measured on the
sible causes of the increase, such as the relative angular siz®ntrol and eclipse day®/r and N¢, from the correspond-
of the lunar disk in each case. ing E-layer critical frequencie$foE)r and(foE)c.
The purpose of the current study is to extend the initial As discussed in the previous section, the solar radiation
comparison to include all available eclipse measurementsesponsible for the production of ionisation in the E region

The method used to calculat®, the percentage of the total

6onising radiation incident on the E-region ionosphere at a
agiven time during an eclipse, has been fully documented in
a previous publication (Davis et al., 2000) and thus, only a

qoCh(x) — aN? 1

)
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comes from two distinct regions of the spectrum, namely, ‘
wavelengths of 1-20 nm (soft X-rays) and 80-102.7 nm Phi (%/4)
(EUV). The behaviour of the E region during eclipses, there- |
fore, provides an opportunity to investigate the fraction of
radiation emitted by the limb corona, i.e. a form of average
over these EUV and soft X-ray wavelength ranges.
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3 The total solar eclipses investigated in this study
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It has been possible to estimate valuedbr all of the total
eclipses since 1932 for which we have data. With the excep-
tion of the 1932 data, where the frequency was swept man:
ually, measurements were automated and recorded on filn
(and in the case of later experiments to computer disk) where ‘ ‘ ‘ ‘ ‘ ‘ ‘
the relevant parameters could be carefully scaled after the L we e e
event. The accuracy of such measurements is mainly depen-
dent on the rate with which the ionograms were collected;Fig. 1. Uncorrectedd values (circles, with uncertainties given by
the faster this rate, the more accurately the changes in ththe vertical bars) calculated from ionospheric measurements for 12
ionosphere can be estimated. eclipses between 1932 and 1999. For comparison, the solar source
In the case of the 1932 data, the critical frequency Wasmag_netic flux (dashed Iine)_ estimated from #segeomagnetic in-
found by sounding at a selected frequency, using the time-ofJ€x is shown as a dashed line.
flight to determine whether the returned signal was reflected

at E or F region altitudes, and then adjusting the frequencyhe previously published data (Denisse and Kundu, 1947). In
accordingly. In this way, it was possible to zero in on the ,q giscussions and data plots that follow, therefore, the value

E region critical frequency. During the eclipse, however, ot ¢ quoted for 1947 will be taken from the Bocaiuva data.
the ionosphere was changing faster than the operators could Three other previously unpublished sequences of data are

change frequency, resulting in a series of measurements conyisq ysed in this study: from Aitutaki in the Cook Islands
taining few critical frequency values, and many Measure-qring the eclipse of 20 May 1965; from Huancayo, Peru,
ments from the lower F region. It is still possible to use theseduring the eclipse of 12 November 1966; and from Maui
data, however, as they represent an upper limifd& thus  awaii during the eclipse of 11 July 1991. All these have
enabling an upper limit fod to be calculated. For the eclipse peen scaled from films stored in the WDC archives in Boul-
of 15 February 1961 (Nesterov, 1962), measurements wergq,

made from Nessebar, Bulgaria, where the eclipse occurred ¢ eclipse of 11 July 1991 occurred early in the morning

in the morning. The data presented in the literature does Nk 4 4 result, there is not much data from which the control
start until just before the start of the eclipse, therefore, IN-gay can be estimated. As a result, it is possible that the value

creasing the uncertainty when scaling the control data. lis ¢ estimated from this data is slightly underestimated. In

is also unclear from the text whether the control curve is de'addition, this eclipse is the only one in our study which was

rived from actual data, or simply an estimate based on typical, ot total at E region altitudes, reaching a maximum obscu-
behaviour. With these factors, it is probable that the estimatgstion of 99.14%. These factors are accounted for in the

of ® obtained from our analysis represents an overestimatequoted uncertainty, and the data is included in this study to

These factors are accounted for in our uncertainty estimatesprovide some comparison with the most recent eclipse data
Two sets of data were identified for the eclipse of 20 May (fom 1999).

1947, only one of which appears in the literature (Denisse pata from all the previously unpublished eclipses are pre-
and Kundu, 1947). The time resolution of this data is notsented in the appendix. Information for all the eclipses used
high, with approximately 6 minutes between ef@Bvalue. i this study, including the relevant references (where appro-
Although totality lasted for 3 minutes and 29 seconds dur'priate) are presented in Table 1. Figure 1 presents the values
ing this eclipse, this is still significantly less than the reso- ot ¢ derived for the 12 eclipses with all uncertainties com-
lution of the data and thus, the value ®fcalculated from  pined into the error bars, estimated using the same method
this data is also likely to be an overestimate. The secondg applied by Davis et al. (2000). The dashed line gives
set of data from this eclipse was located in the archives ofne yariation of the coronal source flux, as estimated from
the World Data Center for Solar Terrestrial Physics, Boul-he a3 geomagnetic index, using the method of Lockwood
der. This previously unpublished data sequence from Bot g1, (1999): it reveals the solar cycle and long-term vari-
caiuva, Brazil has a much higher time resolution, increasingaiions which we might expect to see mirrored in the eclipse
to a sounding every 15 seconds in the hours around totalitygata. However, as discussed in the introduction, we do not

Itis not surprising, therefore, that the valuedfcalculated  necessarily expect a direct correspondence. The values shown
from these data is lower than the valuedotalculated from

Solar Source Magnetic Flux, F (1014 Wh)

[ N
:
——
— -
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were all taken at times of minimuxh for each eclipse. Since diusr + dr), respectively. Assuming circular lunar and solar
the distribution of ionising radiation is not constant acrossdisks, the ratio of the areas is

the solar disk and corona, the minimum valuetofay oc- 2 >

cur slightly before or after totality, depending on whether a AL _ T +dn” (V + dr)
particularly active region is exposed or occluded. However, As mr?

particularly for the earliest eclipse measurements, the timynd sod’ can be written

ing is not accurate enough to identify the exact time of mid- 2
eclipse. For the most recent eclipse (Davis et al., 2000), thep _ 1 _ (1— ®) < r ) ) (5)
Global Positioning System (GPS) enabled very accurate tim- r+dr

ing (to well within a second). From these resullts, it can beUsing this method, values @b’ at totality were calculated
seen that the minimum value df is very similar to that at | ,qjng the observed values ®fand the ratio of the lunar and
mid-totality and thus, it was considered more accurate o Us§ar diameters, which can be computed for each eclipse with
the minimuma® values for comparison in this analysis. great accuracy. The results are quoted in Table 1 and plotted
in Fig. 4 in comparison with the solar magnetic source flux
calculated from th@a geomagnetic index (dashed line), as
in Fig. 1.
Table 1 gives the ratier + dr)/r for each eclipse, where | It can be seen that the correc_t|on<vaaIu.es n this way
increases the value for every eclipse used in this stddy-

is the angular radius subtended by the Sun, @nd dr) is o). Thi b | i dsod
the angular radius subtended by the Moon. We study her% )- This occurs because no annular eclipses wereg

total eclipses, for whickr > 0 and thus(r +dr)/r > 1. It ) and thus, the ratigr + dr)/r is always greater than unity.

can be seen that this ratio is different for every eclipse. SinceThe degree to which each value is corrected is dependent

a significant fraction of the radiation responsible for creat- ohn the ma?_th_ld? of tE'S rat':;i Th? mostldrama:.lc etf;ectt of
ing the Earth’s ionosphere is emitted by the chromospher IS correction Is to enhance the solar cycie variation that can

. , S . .
and lower corona, it is likely tha® is a sensitive function e seen in theb’ values (shown in Fig. 4), in comparison

of the apparent diameters of the Sun and the Moon. It is,With the original & values (show_n _in Fig. 1.)' This occurs
therefore, important to account for the effects of the Changeﬁecausle,t_by Ichlance, thle solafrtrr?mlmum (;cllpses happened to
in this ratio. Otherwise, the variation it will cause dnwill ave relalively large values ot the raio+ dr)/r. L
mask other factors, such as solar cycle effects or long-term This correction technique has the advantage that it is sim-

changes. Two procedures that attempt to account for the vari_pIe to apply. However, it is by no means comprehensive,

ation in the ratio of the apparent diameters are outlined be!9noring as it does, any variation of emission as a function

low. In both cases, the value df is corrected to represent of distance from the solar disk and any changes in the struc-

the fraction of radiation that would have been incident on the.ture O.f the corona throughout the solar cycle. In order to
ionosphere had the Sun and the Moon had the same appalpvestlgate these and atterr_1pt to account for them, a second
ent diametergdr = 0). The difference between the two correction method was devised.
approaches concerns the assumptions made about the distﬁi_-2 Method 2: Using solar data

bution of the ionising radiation as a function of distance from

the edge of the solar disk. Inspection of any EUV image of the Sun will demonstrate
that the emission of ionising radiation is not uniform around
the limb (or indeed, across the disk itself). Furthermore,

In the first method. the intensitv of ionisi diati itt dthe form of the corona seen in eclipses or by a coronograph
bn the llrs method, the In ensuﬁ? Ik?mtimg radia 'OPhe:m e’ttv ries considerably during the solar cycle. The distribution
ythe lower corona s assumedto be the same as that emite v, ragjation, at any one wavelength, will depend on the

by the disk itself. Thus, a simple scaling factor can be applieq, oo of active regions, the number, position and inten-

to the values ofb based on the area of the corona obscuredSity of which vary according to the phase of the solar cycle.

by the lunar shadow. Although the effects of this radiation could be more accu-

The ratio of areas of the solar and lunar disks can be eX'rately accounted for using information from satellites such as

(4)

r

4 Correcting for the apparent size of the lunar shadow

4.1 Method 1: A simple geometrical correction

pressed as SOHO (Domingo et al., 1995), this information is not avail-
A, 11— able for all but the most recent eclipses.
As = 1_9 3) Data from the Extreme-ultraviolet Imaging Telescope

(EIT) onboard the SOHO satellite were used to simulate the
whereA is the area@ is the percentage of uneclipsed ionis- effects of the 11 August 1999 eclipse. One of the wave-
ing radiation flux, andd’ is the fraction of uneclipsed ionis- lengths measured by this instrument, 17.1 nm, falls within
ing radiation corrected to a Moon of the same apparent diamene of the two bands of the solar spectrum responsible for
eter as the Sun by assuming that the emission was constainising the Earth’s atmosphere. Although this is not a com-
over the areai;. The subscripts and L refer to the solar prehensive measure of all the wavelengths responsible for
disk (of angular radiug) and the lunar disk (of angular ra- creating the ionospheric E-region, it does assist in identifying
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Fig. 2. A comparison of three functions describing the variation of Fig. 3. The mean variation ofogono With (r + dr)/r for 2 six

the unobscurred ionising radiatios, with the ratio of lunar and  month periods at solar minimum and solar maximum (solid lines).
solar radii,(r + dr)/r. Here the dash-dotted line (labelléd) rep- The variations of plus and minus one standard deviation from these
resentsd values adjusted using a simple geometric correction (asmean values is represented by the dash-dot and dashed lines (for
given by Eq. 5). It can be seen that this closely matches the solidunspot maximum and sunspot minimum, respectively).

line labelled®soHo, Which represents the observed variation, as
calculated from data from the EIT instrument on SOHO taken dur-
ing the eclipse of 11 August 1999. The uncorrectedalue is also

olotted for comparison deviation around the sunspot minimum curve, with the dot

dashed lines representing the same for the sunspot maximum
period. The results show that the correctiondido allow
for (r + dr)/r will vary between solar maximum and min-
the distribution of the ionising radiation across the solar diskimum. As previously discussed for the August 1999 event,
and into the lower corona. A full-Sun image from 11 August the values of®sono at solar maximum closely match the
1999 at this wavelength was used to simulate a series of aisimple correction method which produced valuesbofin-
tificial eclipses by blocking off radiation from a central disk dicating that the intensity of radiation in the lower corona is
with a range of diameters. For each diameter ratio, the intenreasonably constant at solar maximum. At solar minimum,
sity of all unobscured pixels was integrated and presented akowever, thed values fall off more rapidly as a function of
a fraction,®spono, of the integration over the whole image. (r + dr)/r. This quantitatively shows how the distribution
The results are presented in Fig. 2 (solid line), compared withof ionising radiation emitted by the solar corona varies with
values of® and ®' (dashed and dot-dashed lines, respec-solar cycle. Note that for the whole coro@ = 0), the
tively) calculated for the same range of diameter ratios usingelative brightness depends on the solar cycle, as one would
correction factors of unity and as given by Eq. (5), respec-expect, givingbsono values of 436 £+ 12.5 at sunspot max-
tively. This figure clearly shows that correcting tibevalues  imum and 340 & 10.5 at sunspot minimum.
to give values of®’ using Eg. (5) more closely represents  In order to account for the variation between solar maxi-
the variation of®sono calculated from actual solar data for mum and solar minimum conditions, the phase of the solar
the day of the eclipse (.9’ — ®sonol < |® — PsoHol).  cycle was characterised for each eclipse by calculating the
Although using values absonoto correct for the size of the  sunspot number on that date, as a fractjoaf the range of
lunar disk would be more accurate than the simpleorrec-  sunspot numbers in that cycle. The correctedalue ap-
tion for the 1999 eclipse, such solar images are not availablgropriate to that phase of the solar cycle was then calculated
for any of the other eclipses for which we have ionosphericusing a weighted sum of the value obtained from the solar
data and thus, similar curves cannot be generated. maximum correction®smax With the value obtained from

In order to investigate the solar cycle variation of the the solar minimum correctionpsmin. Before this could be
distribution of ionising radiation, further simulations with done, however, the two curves were normalised so that they
EIT data were carried out using six months of data fromgave a value of 1 fotr + dr)/r = 1 (this is because the
around solar minimum and six months nearer solar maxj-curves are only needed to correct from the actual value of
mum. One sample image per day was analysed from betweeft + dr)/r to a standard value of unity; they are not used to
July and November 1996 and from between September 1999btain absolute values @sono). If the solar cycle phase
and March 2000. Curves for these six-month averages ofstimate weref, then the final correction would be
dsoHo are presented as solid lines in Fig. 3. The dashed
lines represent the curves at plus and minus one standards = f ®smin+ (1 — f) Psmax- (6)
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Fig. 4. The same as for Fig. 1 fap’, the ® values that have been Fig. 5. The same as for Fig. 1 fabg, the ® values that have been
corrected to account for the variation@f+ dr)/r for each eclipse  corrected to account for the variation@f+ dr)/r using the curves
using the simple geometric formula given in Eq. 5. presented in Fig. 3. The degree to which each of these two curves
is used in the correction factor is determined by the estimate f of the
phase of the solar cycle during that eclipse, based on the sunspot
The results of this correction are presented in Fig. 5. Asnhumber.
for the @&’ estimates, altbg values calculated using Eq. (6)
are higher than the originab values (sincedr > 0 for
all the eclipses used). It can be seen that there are someommon elements that emerge from both techniques. Both
significant differences, most notably, in the value calculatedthe @ and®g sequences contain a solar cycle variation that
from the 1991 eclipse over Maui, for which thieg value  is not so apparentin the ra@vvalues due to the variety of the
(i.e. the value from the ionospheric data, corrected using(r + dr)/r ratios. In the case obg, the correction method
a cycle-dependent limb correction derived from the SOHOitself could have introduced a solar cycle variation. How-
data) is considerably smaller than the equivalent valug’of ever, a solar cycle variation is also seenbif; for which the
(the ionospheric data corrected using the simpler Eq. 5).  correction does not depend on the phase of the solar cycle.
It should be noted that neither of these methods for correct!t is apparent that the inherent assumption in the correction
ing the observed values df is likely to be definitive, since  used to generaté’, concerning the distribution of ionising
the first assumes that the solar limb is of uniform bright- radiation across the solar limb, more closely resembles so-
ness, while the second represents some average solar cydR maximum conditions, as shown by the simulation using
behaviour at one specific wavelength. In contrast, the ionothe data from the EIT instrument on SOHO (compare Figs.
spheric response for each eclipse corresponds to a specificand 3). This would result in the correction at solar mini-
interval in solar activity integrated over all ionising wave- mum being smaller than it ought to be, and if this were the
lengths. While this is the case, it is apparent that it is necescase, values o’ at solar minimum have been underesti-
sary to account for the variation in eclipse conditions and thatmated. Another common feature in bahand® g estimates
a simple correction is considerably better than not correctings the large values for the 1999 eclipse, in comparison with
the data at all. Comparison of Figs. 1, 4 and 5 shows thagll of the previous measurements. This is despite the fact
either correction method introduces a solar cycle variationthat the EIT data from SOHO shows that the coronal emis-
(thus, this has not simply arisen from the cycle-dependensions at 17.1 nm were lower than average at the time of this
correction used in Fig. 5). In all three cases, the largesparticular eclipse. We note that ionospheric observations of
value of the obscuration factod( ®g or &') is for the 1999  the 1999 event were also made from Chilton, UK, where the
eclipse, and the corrected valueBg(and ') show varia-  photosphere was only eclipsed by 97% at E-region altitudes:
tions that have similarities in terms of both solar cycle andanalysis of these data supports the high valué afeduced
longer-term changes, with the coronal source flux variationfrom the Helston instrument. This lends credibility to this
(dashed line). one data point, despite the absence of any eclipse data from
the years immediately preceding this eclipse.

The eclipse measurements are “snapshots” of the condi-
5 Discussion and conclusions tion of the corona, and we need to consider the longer-term
changes inbg and®’, as shown in Figs. 4 and 5, in the con-
Although the two methods discussed above produced differtext of the effects of short-term variability of the corona. For
ent correction factors for the values &, there are some the 1999 event, we estimate that the solar cycle phase factor
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50 SN lower values obtained from the ionospheric experiments dur-
sl e | ing the previous eclipses were also just a chance occurrence.

Therefore, we need to assess the probabilities of this being
“or RN 1 the case.

- S~ The best corrected value from the ionospheric experiment
el on 11 August 1999 i®g = 287 + 3.4%, whereas, as dis-
25t . oA cussed above, the EIT image at 17.1 nm gid8HHo =
P 34%. Such a difference is to be expected because the iono-
B BRI spheric value represents an average over the soft X-ray (1-
Br ] 20 nm) and EUV (80-102.7nm) wavelength bands, whereas
10k , ®soHo s the value for 17.1 nm. If we assume that the spec-
trum retains the same shape, we can apply the same correc-
tion factor®g/dsono = 0.844 to all events. Thus for each
o) o vl s event, we computed the expected means and standard devi-
(r+dr)/r ations,u ando, for the relevant phase of the current solar
cycle (usingf), as calculated above for the 11 August 1999
Fig. 6. The variation of®gono with (v +dr)/r, calculated from  event. These were then multiplied by the factor of 0.844 to
SOHO EIT data taken during the eclipse of 11 August 1999 (dOt-give M* ando-*, the predicted mean and standard deviation
ted line) in comparison with the mean valuefor 50 days’ data at g the ionospheric estimate. We then estimateditheralue
the same phase of the solar cycle (interpolated from the two meam, tarms of the number of standard deviations, i.e. we evalu-

curves presented in Fig. 3). At &kt + dr)/r, the corrected value N . i
®, estimated for the ionospheric eclipse data of 11 August 1999, ated(®s — p*)/o*. From this, we computedles, the prob

lower than the mean valyefor that phase of the cycle. The dashed ability of deviating fromM. by at least this amouzt. Jhe
lines are at plus and minus one standard deviatiérom the mean  10West 5 rows of Table 1 give the values ff i, o, u*, o™,
1. (|®s — u*|/o*) and Pyg for each event.

@ (%)
I
I
/

The values ofP¢ s are significant because they give us the
) ) ) o probability that theds estimate derived was lower than the

[ is 0.865. Using this value, the average variatio®gbro  ayerage (for the corresponding phase of the current solar cy-
with (r + dr)/r has been interpolated from the solar max- ¢je) by chance, arising from the short-term variability. Table
imum and minimum curves, as shown in Fig. 3: the resulty ghows that thev estimates, particularly the earlier ones,

/1 is given by the solid line in Fig. 6. The dashed lines give 4.¢ consistently low and that the probability of this being ex-
the curves that are plus and minus one standard deviation plained by short-term variability is also low, with afps

from this mearu. For comparison, the dotted line in Fig. 6 |51 es before 1961 falling below 0.1.
gives the variation ofbsono that is taken from the EIT im-

age at the time of the eclipse on 11 August 1999. This cOm- £rom Table 1 we can consider the “null hypothesis” that
parison shows that at the time of this eclipse, the corona wag,are is no long-term change in tides values and that the

less bright than the average (for that phase of the solar cyclel,qnsistently lower values before 1967, as compared with the
such thatsonowas lower by about 8% atalt+dr)/r val-  recent solar cycle (monitored by SOHO and seen during the

ues. The difference was less than one standard deviation giggg eclipse event), were chance occurrences and caused by

(r +dr)/r near unity, but was more than one standard devia-ghort.term coronal variability. Since all events are indepen-

tion at(r +dr)/r above approximately 1.06. This shows that yent of each other, the probability of this is the multiplicative
it was the corona beyond 1.06 solar radii, in particular, thatproduct of all thePy s probabilities, which equals # 1016
was less bright than average. If we take= 0, we findthat 5.4 thus is negligible.

at the time of the eclips&bsono = 34%, whereas the mean

value, for that phgse of the g,olar cycleis= 42.5% (Wlth Therefore, we conclude that the 1999 eclipse did give sig-
a standard deviatiom of 12.3%). Thus, the value during the pificantly highere values than any of the previous experi-
eclipse is(®sorHo — p)/o = 0.63 standard deviations from  menis showing that a larger fraction of the relevant soft X-

the mean. For the observed Gaussian distribution, we can d%y and EUV wavelengths came from the limb corona. The
duce that the probability of deviating this far from the mean 44 qo suggest a solar cycle variation superimposed on a

was 0.26. Thus, we can conclude from the EIT data duringiong.term drift. However, the paucity of data in the period
the 11 August 1999 eclipse that, in terms of#iSorovalue,  penveen 1966 and 1999 makes it impossible to draw any
the corona was less bright than average for that phase of thgefinitive conclusions concerning the form of the increas-
solar cycle, but that it was not exceptionally different. ing trend in the emission of ionising radiation from the so-

However, just as the SOHO data show us that short-termar corona. It is, therefore, important to add to the most
variability resulted, by chance, in a lower-than-average valuerecent observation by making similar measurements during
being obtained on 11 August 1999, it is possible that theeclipses, whenever possible.
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Fig. Al. The variation of the E region peak electron concentration Fig. A3. The variation of the E region peak electron concentration
with time during the eclipse of 20 May 1947 at Bocaiuva, Brazil with time during the eclipse of 30 May 1965 at Aitutaki, Cook Is-
(points). The control day is represented by a polynomial fit to thelands (points). The control day is represented by a polynomial fit to
data from an adjacent day (solid line). the data from an adjacent day (solid line).
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Fig. A2. The variation of® during the eclipse of 20 May 1947 at  Fig. A4. The variation of® during the eclipse of 30 May 1965
Bocaiuva, Brazil as calculated using Eq. (2) and the data shown irt Aitutaki, Cook Islands, as calculated using Eq. (2) and the data
Fig. Al. shown in Fig. A3.

Appendix A present the observed valuesiof as data points, along with

a solid line that is a polynomial fit to the control day data
For most of the eclipses listed in Table 1, the raw data onN¢. We also present the corresponding value® @in a sep-
the peak E-layer concentrations during the eclipse and orrate plot, with error bars estimated using the method given
the control days g and N¢, respectively), or alternatively by Davies et al. (2000).
the corresponding critical frequencisE)z and(foE)., are The data for Bocaiuva (20 May 1947) do not extend much
presented in the cited publications. However, in four of thebeyond the time of the eclipse (Fig. Al). Thus, the control
cases, the data have not previously appeared in the literaday is based on the form of the variation on adjacent days,
ture. These are the eclipses that took place on: 20 May 194%caled to fit the data taken before first contact. Thus, the
(observed from Bocaiuva, Brazil); 30 May 1965 (Aitutaki, correspondingb values (Fig. A2) are near 100%, but the
Cook Islands); 12 November 1966 (Huancayo, Peru); and 1Mdata do not cover the return to this value. Note, as for all
July 1991 (Maui, Hawaii). In this appendix, we present the events, that error bars are smallest near the minimurh, of
data for these four cases for completeness. In each case, wehere the value given in Table 1 is scaled. The sample rate of
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25 x 10" Huancayo, Peru, November 12, 1966 5 x 10" Maui, Hawaii, 11 July 1991
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Fig. A5. The variation of the E region peak electron concentration Fig. A7. The variation of the E region peak electron concentra-
with time during the eclipse of 12 November 1966 at Huancayo, tion with time during the eclipse of 11 July 1991 at Maui, Hawaii
Peru (points). The control day is represented by a polynomial fit to(points). The control day is represented by a polynomial fit to the
the data from an adjacent day (solid line). data from an adjacent day (solid line).
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Fig. A6. The variation of® during the eclipse of 12 November Fig. A8. The variation of® during the eclipse of 11 July 1991 at

1966 at Huancayo, Peru as calculated using Eq. (2) and the dat®aui, Hawaii as calculated using Eq. (2) using the data shown in
shown in Fig. A5. Fig. A7.

the data near minimum is very high for these measurements, o, the event seen at Maui on 11 July 1991, data are

and thus, the minimum g is very well defined. only available for around the time of the eclipse (Fig. A7).
For the Aitutaki event (30 May 1965), the overall form of Nevertheless, there are indications that the thermosphere has
the control day does not match well the variation seen awayhanged significantly a® values (Fig. A8) only briefly re-
from the eclipse (Fig. A3). This suggests that the upper atturn to 100%. The lack of data from before the event (be-
mospheric conditions were particularly affected at this site.cause it was close to sunrise) makes the control day variation
This is reflected in theb values (Fig. A4) which never re- |ess certain than for the other events. This uncertainty causes
turn to 100% after the event. the larger error bar for the corresponding data point in Figs.
On the other hand, the data outside the event seen at Huai; 4 and 5. Due to the lack of pre-event data, it is possible
cayo on 12 November 1966, do match the control data excepthat the control day densities Nc are too high, in which case,
tionally well (Fig. A5) so thatb values (Fig. A6) are around the minimum® would be an underestimate. A value close
100%, both before and after the event. to the upper limit of the uncertainty would make tirevalue
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for this event more similar to the 11 August 1999 event. eclipse of 1 October 1940, Mon. Not. R. A. S., 102, 24-34, 1942.
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