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[1] In this paper we analyze the prompt solar flare effect (SFE) associated to a strong
X-ray flare that occurred on 5 December 2006 by using spherical cap harmonic analysis
applied to the variations recorded in the European magnetic observatories network. The
regional model allows the simultaneous modeling in space and time of the ionospheric
equivalent current system responsible for the SFE, as well as for the regular diurnal
variation Sk on that day. It is found that the SFE equivalent current system does not form
as an enhancement of the Sk system. Its focus is distinct from that of the Sg, and it is
located between 3 and 10° higher in latitude and circa 40 min later in local time.
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1. Introduction

[2] The influence of solar flares on the production of
disturbances on the geomagnetic field recorded at the
Earth’s surface is a well known fact since its first observa-
tion by Carrington [1859] and Hodgson [1859]. Both
authors correlated a contemporaneous prompt variation
and a delayed magnetic storm as recorded at Kew Obser-
vatory with the observed brightening of the solar surface.
However, the novelty of their discovery caused them to be
cautious about establishing an unambiguous link between
both phenomena. Many more observations were needed to
establish a statistically significant direct connection between
flares and geomagnetic irregular variations that were not
established until the mid-20th century (see Cliver [1995]
and references therein for a review). Now we know that the
increase in the electromagnetic radiation that occurs during
a solar flare produces changes in the ionospheric currents
that result in concomitant short-lived perturbations in the
geomagnetic field known as solar flare effects (SFE),
whereas the shock wave caused by the arrival of solar
plasma upon the magnetosphere is responsible for the
geomagnetic storms some hours (or few days) after the
occurrence of a solar flare.

[3] Opposite to the worldwide, almost simultaneous char-
acter of geomagnetic storms, SFE are mainly restrained to
the Earth’s sunlit hemisphere. The equivalent current system
responsible for the production of SFE is accepted to flow at
a lower altitude than that of the regular diurnal variation
(Sq) of the magnetic field [ Veldkamp and Van Sabben, 1960;
Ohshio et al., 1967], and its focus has been generally found
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located to the east (i.e., later in local time) with respect to
the focus of the Sq system by using analytical approaches
[Van Sabben, 1961; Curto et al., 1994a]. A nonexhaustive
list of works developed in the last century regarding SFE
can be found in the work of Rastogi et al. [1999].

[4] Not every SFE can be associated to a significant solar
flare event, and not every flare provokes a rapid disturbance
in the geomagnetic field. The radiation released during a
solar flare spreads over the full electromagnetic spectrum,
and it differs from one flare to another. Emissions contain-
ing a different range of frequencies produce diverse geo-
magnetic effects. Curto and Gaya-Piqué [2008] showed
that the probability of generating a SFE increases when the
flare spectrum presents a significant X-ray and H-a wave-
length content, probably due to the fact that the ionizing
effect of X-ray radiation on the lower ionosphere region is
greater and therefore more efficient in SFE production.

[5s] Since flares are linked to other parameters (e.g.,
sunspots) that follow and define the 11-year solar activity
cycle, the number of major flares is expected to reach a peak
around the solar maximum and a trough for those years
close to the solar minimum. However, in December 2006
(that is, at the end of solar cycle 23) the sunspot region
number 10930 created a series of large X-ray flares as it
rotated onto the visible solar hemisphere, causing major
problems and blackouts in the Global Positioning System
(GPS) network and the civil air navigation system, accord-
ing to the Australian Space Weather Agency (http://
www.ips.gov.au). Satellite GOES-13 (also damaged due to
the incoming radiation) recorded a X9.0 flare on 5 Decem-
ber 2006 at 1018 UT that lasted for 27 min, reaching an
intensity peak at 1035. Figure 1 shows the X-ray total
energy content released during the phenomenon as recorded
by GOES-12 satellite (data were downloaded from NOAA/
NWS Space Weather Prediction Center Web site, http://
www.swpc.noaa.gov). The integrated flux from the whole
event was 0.71 J/m?. San Vito observatory in Italy also

1 of 13



A07304 GAYA-PIQUE ET AL.: EQUIVALENT IONOSPHERIC CURRENTS FOR SFE A07304
0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00
1E-003 £ = 1E-003
&E\ L = 1E-004 8
< 1E-004 = . 2
2 E = 1E-005 X
o< - E 2
c [ ] 7
1 B o
— 1E-005 E — 1E-006 o
n E | I\ \ 3 X
> - I | | 3 N
© r I .
i ~ ul | | p3
P - \ ] 1E-007 2
S 1E-006 N =
o E iy 7 3
n - 1E-008
1E-007 1E-009
0:00 3:00 6:00 9:00 12:00 15:00 18:00 21:00 0:00

Universal Time

Figure 1. Solar X-ray flux in the 1-8 A (black line) and 0.5—4 A (gray line) ranges as measured by

GOES-12 satellite for 5 December 2006.

reported an H-« flare of importance 2N starting at 1028 UT
and ending at 1100 UT.

[6] Ebre Observatory, which houses the International
Service on Rapid Magnetic Variations since 1975 [Curto et
al., 2007], received monthly reports from collaborating
observatories pointing to a potential SFE starting at 1024 UT
on 5 December 2006. A total of nine observatories first
reported the event according to the Solar-Geophysical Data
bulletin, published on a monthly basis by the NOAA National
Geophysical Data Center Solar-Terrestrial Physics Division
(available online at http://sgd.ngdc.noaa.gov). Figure 2
shows the three components of the magnetic field as
recorded that day at Chambon-la-Forét observatory (CLF;
48.0°N, 2.3°E geographic coordinates). The amplitude of
that SFE reaches about 30 nT on the Y component, and it is
the same order of magnitude as the regular Sg for this
particular observatory. The fact that the magnetic field was

very quiet at the time of the SFE (Kp was equal to 0 for the
three 3-h intervals prior to the event, and it did not exceed
2 h afterward until the end of the day) helped to clearly
identify the phenomenon. It is also interesting to note that
since the flare took place at the solar eastern limb and this
effect depends on the particular Sun-Earth configuration,
there was not a major geomagnetic storm linked to this
event. However, Futaana et al. [2008] detected the effect of
the coronal mass ejection associated to the solar flare close
to Venus and Mars.

[7] The clarity of the SFE as observed at CLF contrasts
with the fact that only a small percentage of observatories
distributed worldwide reported the event. This is because
not all magnetic observatories collaborate in detecting solar
flare effects; moreover, not all the stations that provide the
Rapid Magnetic Variations service with information about
sudden storm commencements contribute to the identifica-
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Figure 2. (top) X, (middle) Y, and (bottom) Z magnetic components recorded at Chambon-la-Forét

observatory on 5 December 2006. The maximum amplitude of the solar flare effect (SFE) is shown for

each component.
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Figure 3. Spatial distribution of the Intermagnet observatories presenting minute data for 5 December
2006 as of September 2007. Black dots symbolize those observatories that clearly recorded the SFE, gray
dots those that did not, and open circles represent those stations for which an unclear deviation in the
magnetic field can be claimed at the moment of the event. The shaded area represents the dark
hemisphere at the starting time of the phenomenon (1026 UT). The position of the subsolar point

(approximately over Botswana) is also shown.

tion of SFE. Figure 3 shows the distribution of observatories
belonging to the INTERMAGNET network (http://www.
intermagnet.org) which provided 1-min magnetic values for
the considered day (the list was last checked in September
2007). All magnetograms were visually inspected to check
for those observatories where the SFE was clearly detected
(black dots), those where a small movement is perceived but
it is unclear (black circles), and those where the event was
not seen at all (gray dots). As expected, the distribution of
these three types of observatories clearly correlates with the
night and day hemispheres, indicated in Figure 3 by the civil
twilight terminator computed at 1026 UT, when the SFE
starts to be visible in most of the observatories. Those
observatories situated over the dawn terminator (San Juan
in Puerto Rico and Saint John’s in Canada) detected the SFE
since they were inside the sunlit hemisphere a few minutes
after the starting time of the event, as opposed to those
observatories located over the dusk terminator. It is also
worth noting that those observatories located over the north-
ern auroral oval, especially those in Canada and Alaska,
presented some intense magnetic activity starting approxi-
mately 1 h before the occurrence of the X9.0 solar flare.

[8] The usual problem of the uneven worldwide distribu-
tion of observatories clearly arises also in this case after a
look to Figure 3. Moreover, since SFE are mainly hemi-
spherical phenomena, although evidence for SFE to be
found in the dark hemisphere was claimed by Sastri
[1975], the difficulties to conduct a global study on the
equivalent currents that produce the solar flare effects are
even more important.

[o] In this paper we present a regional approach for the
study of these current systems by using spherical cap har-
monic analysis (SCHA). Our goal was the characterization

of the currents that created the particular SFE on 5 December
2006 over the European sector. As will be shown, the SCHA
technique allows for a simultaneous temporal and spatial
approach to the problem, so the evolution of the phenomena
can be followed in a continuous manner. We introduce in the
next section the data employed and the method used to
separate the SFE rapid deviation from the regular daily
variation for each observatory. Section 3 presents the SCHA
technique and a discussion on the internal-external separation
issue. The expressions to obtain the shape of the ionospheric
equivalent currents from an ensemble of spherical cap
harmonic coefficients, and a test on synthetic data are
introduced in section 4. Section 5 presents the SCHA models
ofthe equivalent current systems for the SFE under study and
for the daily regular variation on 5 December 2006. The paper
finishes with a discussion of our results compared to other
previous works conducted on an analytical mode.

2. Data Used and Isolation of SFE

[10] The considered SFE took place around local noon for
central Europe. Conducting our study over the European
region is advantageous because of the midlatitudinal loca-
tion of the continent. Moreover, the density of observatories
is much higher there compared to any other area in the
world. Figure 4 shows the location of the stations consid-
ered here (located inside the cap represented by the black
contour). Only stations presenting three-component mag-
netic field data were considered.

[11] The amplitude of the SFE variation at each individ-
ual observatory was derived after computing the difference
between the recorded magnetic values and a plausible
regular variation obtained through polynomial interpolation
of the real magnetic data before and after the SFE event.
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Figure 4. Location of the observatories considered in this study. The black circle represents the border
of the spherical cap for which the model for the SFE is valid.

Each component of this regular variation was therefore
expressed as a temporal series expansion in the form:

SK1) = ZQ;bq("T"’)q 1)

where ¢, and T are the translational and scaling parameters,
and g the degree of each polynomial term, with a maximum
degree Q. Figure 5 shows the magnetic field (thick black
lines) recorded between 0900 and 1500 UT at four different
observatories that cover a wide geographical area (especially
in longitude): Borok (BOX; 58.1°N, 38.2°E), Furstenfeld-
bruck (FUR; 48.2°N, 11.3°E), San Pablo—Toledo (SPT;
39.6°N, —4.4°E), and Valentia (VAL; 51.9°N, —10.3°E).
Figure 5 also presents the different approaches tried in order
to interpolate the regular diurnal variation. The thin black
line represents the external field predicted by Comprehen-
sive Model version 4 (CM4) [Sabaka et al., 2004] for the
parameters that characterized the magnetic field activity on
5 December 2006. Values of Dst and F10.7 indices were
respectively downloaded from the World Data Center for
Geomagnetism in Kyoto (http://swdewww.kugi.kyoto-u.ac.
jp/index.html) and the Solar-Terrestrial Physics Division of
NOAA (http://www.ngdc.noaa.gov/stp). Even though the fit
given by CM4 is quite good, it is not accurate enough for an
exact representation of the Sk for this particular day. This is

due to the fact that the regular solar quiet diurnal variation
for a particular day, S, differs from the average solar quiet
diurnal variation, Sg, represented by CM4, and also to the
provisory (quick look) character of the magnetic activity
indices used to compute the daily variation from CM. The
dotted black line in Figure 5 represents the regular diurnal
variation as computed from the five quictest days of
November and December 2006 for each individual observa-
tory. For some observatories, there is a good agreement
between this averaged diurnal variation and the real recorded
field before and after the event, as 5 December was classified
as the ninth quietest day (Q9) of the month. However, in most
of the cases there is a low compatibility between mean and
real diurnal variation (see for example the differences in the Z
component for BOX and in the X component for SPT), due to
the day-to-day variability of the solar quiet variation.

[12] Since none of these alternatives (CM4 and the use of
quietest days) gave satisfactory results, we decided to
carefully interpolate the data using polynomials (thick white
lines in Figure 5) in order to obtain a regular diurnal
variation for the time of the event. A different polynomial
degree was used for each component and station. Interpo-
lated values were compared with the shape of the averaged
regular variation previously computed. This comparison
helped in choosing the SFE end time, and the maximum
polynomial degree expansion for each individual station.
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Figure 5. Magnetograms corresponding to Borok (BOX; top, left), Furstenfeldbruck (FUR; top, right),
San Pablo-Toledo (SPT; bottom, left), and Valentia (VAL; bottom, right) observatories for 5 December
2006 between 0900 UT and 1500 UT. Inside each box, thick black top curves correspond to X
component, middle ones to Y component, and bottom ones to Z component. Thick white curves represent
the values of the regular diurnal variation obtained by polynomial interpolation for the time of the SFE.
Dotted black lines represent the averaged diurnal variation for the five quietest days of November and
December 2006. Thin black curves correspond to the external field variations predicted by CM4 model.

For the particular cases presented in Figure 5, the maximum
degree for the polynomial interpolation goes from Q =5 for
the X component as recorded at SPT up to O = 10 for the
three magnetic components from BOX. A shift in the end
time for the event entails a change in the interpolated
function, therefore a change in the obtained regular varia-
tion, and a different amplitude for the SFE, especially for
the last part of the event, when the change in slope would be
more pronounced. The decay structure of a SFE is typical of
a system with small inertia (the recombination coefficient
for electrons belonging to the ionospheric E, and especially
D regions is high enough to maintain the additional elec-
tronic density during only few minutes after the decay of the
ionization source), so no long-term decay trends are
expected after the flare radiation fall to the regular level.
The diurnal variation obtained by polynomial interpolation
realistically represents the expected diurnal variation, as
shown in Figure 5. The mean duration of the event as
computed from the magnetograms of the 26 stations con-
sidered in this study was around 60 min, with a standard
deviation of 20 min. The event clearly lasted for less than
45 min at 10 of these observatories.

[13] The amplitude of the SFE was found from difference
between the recorded field and the interpolated curve, this
difference being positive in those cases where the SFE

represented an increase in the absolute value of the field
and negative vice versa. We assumed that these differences
were exclusively due to the ionospheric currents created by
the SFE phenomenon. It is equivalent to assume that the
magnetospheric field changed little over the duration of the
SFE. In case of a substantial change of the magnetospheric
field, the variation produced by the SFE on the magnetic
field would be probably masked by the variations of
magnetospheric origin, so it would be difficult to isolate
and study these phenomena. The differences, sampled at
1-min interval from 1026 UT until the end time for the event
at each particular station, were used as input data to model
the equivalent ionospheric current system for the SFE,
whereas the interpolated curve was used as input to obtain
a model for the regular variation.

3. Spherical Cap Harmonic Analysis and the
Internal-External Separation

[14] Spherical cap harmonic analysis (SCHA) [Haines,
1985] has probably been the most used regional modeling
technique for all kinds of geomagnetic studies over the last
two decades (see Torta et al. [2006, Table 1] for a compre-
hensive review of English-written works related to SCHA as
of May 2005). It is based on the solution of the Laplace
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equation over a bounded regional cap of half-angle 6:

Kk e
V(r,0,\) =a Z <ﬂ> o (g0 cosmA + h"' sinm))
=0 m=o
K. &
- Py(cos ) + “Z Z ( )

=
m.e me
(g cosmA + hi;

m=0

sinm\) - P (cos 0)) (2)
gy, and k' are the spherical cap harmonic coefficients that
define the internal and external potential, represented in
equation (2) either by the superscript i or e, respectively.
The associated Legendre functions Py (cos 0) satisfy
arbitrary boundary conditions at the edge of the cap, giving
rise to noninteger degrees n;, where k is an ordering index
that increases with m. When 6, = 180°, equation (2) reduces
to the usual global spherical harmonic solution for the
potential with maximum expansion degree equal to K; for
internal fields and K, for external fields. In case the model is
intended to represent not only the spatial but also the
temporal behavior of the field, a temporal expansion is
added to these coefficients up to a maximum degree L,x.

[15] The theoretical ability of SCHA to separate between
internal and external fields makes it an attractive tool for the
study of geomagnetic variations of external origin and for
the characterization of ionospheric sources. Haines and
Torta [1994] used SCHA to model the magnetic variations
for a very quiet geomagnetic day in order to compute the
equivalent currents, that is, those ionospheric and induced
currents able to represent the measured variations of the
geomagnetic field. Torta et al. [1997] applied SCHA at a
later stage to investigate the behavior of the Sq currents over
Europe for some selected quiet days over a minimum
magnetic activity period. As in the work of Haines and
Torta [1994], the regional pattern of the Sg focus and its
temporal and spatial variations were properly represented,
and the displacement of the ionospheric currents system was
monitored in detail through the surface of the cap with
temporal continuity. The fact that (due to the radial depen-
dency in equation (2)) external and internal sets of coef-
ficients contribute in a different way to the field at different
altitudes helps in the separation of the fields. More recently,
Kotzé [2002] made use of SCHA to identify the external
field when analyzing Orsted satellite total intensity field
data over southern Africa. The external contributions were
modeled as a general function in longitude and colatitude
over the surface of the spherical cap. The SCHA expansion
of the function was truncated at K, = 1, so three coefficients
were derived to give account of the external field for each
satellite measurement.

[16] Even though these studies demonstrated SCHA to be
useful when representing the kinematics of the ionospheric
current system at a regional scale, the method presents
limitations in the internal-external discrimination. Torta et
al. [1992] found that the use of internal and external coef-
ficients improved the fit to a synthetic input data set consist-
ing of only internal contributions. Torta and De Santis [1996]
showed that in spite of a good representation of the overall
field by the full set of coefficients when modeling the current
functions over Europe, internal and external coefficients were
not able to describe properly the respective contributions
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when used separately. Nevertheless, since the real and the
modeled variations were approximately in phase, they con-
cluded that the information obtained about the motion of the
ionospheric current systems was still valid.

[17] Moreover, the authors proposed to still use SCHA
when the cap under study had a similar size to that of the
area in which the geomagnetic variations take place, in
order to have the same inherent wavelength characteristics
for the input and the model output data. An improvement in
the field separation was in fact achieved when artificially
enlarging the size of the cap. However, the cap cannot be
expanded ad infinitum when data only cover a small central
part of the region. This is because of the nonorthogonality
of the basis functions over the considered region, and the
numerical instabilities associated to the solution of the
poorly conditioned normal matrix. A possible explanation
for the necessity to increase the size of the cap comes from
the fact that an internal-external separation may be equiv-
alent to independently modeling the horizontal components
on the one hand, and the radial component on the other
[Lowes, 1999; Gaya-Piqué, 2004, section 11.3]. Torta et al.
[1992] showed that the smaller the area for which the model
is developed, the more difficult is to simultaneously repre-
sent X, Y, and Z, so moving toward bigger size caps would
solve the joint fit of vector data as well as the issues related
to internal-external separation.

[18] Recently, Thébault et al. [2006] proposed a revised
version of the spherical cap harmonic analysis (R-SCHA)
by solving the Laplace equation over a spherical cone
instead of on a spherical cap. The new surface and boundary
conditions involved an extra set of basis functions (Mehler
or conical functions) to the solution. The main ability of R-
SCHA compared with SCHA is its ability to represent the
spatial variation of the magnetic field inside the conical
domain, provided that data are available at its upper and
lower boundaries. The authors devoted a full section to the
problem of the internal-external separation. Equations (28)
to (31) in the work of Thébault et al. [2006] show that there
is a lack of meaning in the internal-external spherical cap
coefficients when considered individually. These equations
demonstrate that both internal and external sets are neces-
sary in order to represent the field using SCHA, even when
input data only contain signal from either internal or
external sources. As stated by Thébault et al. [2006], a
proper technique to perform regional internal-external field
separation is still missing.

[19] The apparent validity of the obtained results when
the technique is used cautiously, as presented in the previ-
ous paragraphs, gave us confidence (taking all the necessary
care to interpret our results) to apply spherical cap harmonic
analysis to model the magnetic variation associated with the
solar flare. In what follows we present the equations that
describe the SCHA equivalent current functions and an
example using synthetic data of the internal-external sepa-
ration provided by SCHA.

4. Equivalent Current Functions and Synthetic
Case

[20] Haines and Torta [1994] provided the formulation
for computing the equivalent current densities and equivalent
current functions for the spherical cap analysis. The authors
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pointed out that previous works either did not show the right
formulations [Walker, 1989] or did not give the equations at
all [Langel, 1993]. The ionospheric equivalent current func-
tions responsible for the variations in the magnetic field
recorded at the surface are given by the expression:

g
Ho i m=p me+1 \a
- (g cosmA + " sinm)) - Pr(cos 0) (3)

\Ijianox(07 >\) =

[21] These currents are confined to a spherical surface of
radius » = Rg + h, where £ is the altitude above the Earth’s
surface Rz. Assuming that the ionization responsible for the
SFE variation takes place mainly in the lower ionospheric £
region [e.g., Veldkamp and Van Sabben, 1960], the value for
h is fixed at 100 km and the currents are only evaluated
for this shell (for some of our tests the altitude was fixed at
90 km, the boundary between ionospheric D and E layers,
without a noticeable change in the shape of the current
system). When 7, is an integer, then £ = n and n; = k, and
equation (3) is equivalent to the one used in global spherical
harmonic analysis, already given by Chapman and Bartels
[1940]. Note that equation (3) does not depend on the
peculiar gg spherical cap harmonic coefficient. As pointed
out in the introduction, this approach allows for a simulta-
neous spatial and temporal discrimination of the equivalent
currents provoked by the increase in ionization associated
with the solar flare, as opposed to classical studies [e.g.,
Curto et al., 1994a] where the external equivalent current
vector was taken as simply a rotation of the external
horizontal activity vector (about two thirds of the total
variation present in the horizontal vector).

[22] In order to check the validity of the approach and the
capability to separate internal from external contributions, a
study was conducted on synthetic data obtained from CM4
model. This case study was conducted on Sq data since in
this way it was possible to directly compare the output
model with the synthetic input data. An ionospheric field
obtained as the sum of the primary and induced contribu-
tions synthesized by CM4 model was computed at the
locations of the observatories given in Figure 4, and also
at auxiliary points located 15 degrees eastward and west-
ward of each station but at the same dip latitude. This
approach was already used by Torta et al. [1997] to
augment the data coverage over the spherical cap, since
the diurnal variation is almost a local-time phenomenon.
This approach assumes that a station “A” located 15° east
of a station “B” records the same shape and amplitude for
the diurnal variation as “B” but one hour in advance, and
correspondingly a station “C” located 15° west of “A”
presents the same diurnal variation but with 1-h delay.

[23] A SCHA model was developed on a 45° cap centered
at 45°N, 10°E using the above synthetic CM4 values as
input data. The maximum spatial and temporal expansion
for the model were K;,, = K., = 4 and L., = 4, respec-
tively, using Fourier series as temporal basis functions.
Figure 6 shows the equivalent currents computed applying
equation (3) on the external coefficients of the obtained
SCHA model (continuous line), compared to the E region
equivalent currents for the primary ionospheric field com-
puted directly from the CM4 model, equation (54) of
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Sabaka et al. [2002], on a regular grid (dashed line). As
can be seen, the shapes of the equivalent current systems are
very similar, especially close to the center of the cap
(represented by the black circle), so it can be assumed that
SCHA separates the internal from the external contributions
with rather reliability, at least for the Sq variation, for this
particular data distribution and model parameterization.

5. Results and Discussion

[24] Several model parameterizations were attempted to
represent the SFE variations and therefore to characterize
the external equivalent current system. The different tests
included modifying the size of the cap, the temporal basis
functions adopted, and the maximum spatial and temporal
expansion degrees. It is not possible to apply in this case the
data triplication approach used for the Sk to ensure a better
coverage of the area, since the SFE is a UT-based phenom-
enon. A spherical cap of 20° half-angle centered at 50°N,
10°E was chosen. This cap embraces a total of 26 INTER-
MAGNET observatories over Europe providing data for 5
December 2006. Caps of bigger size were considered, in
order to include three observatories located below 35°N
(Guimar, GUI, 28.3°N; Tamanrasset, TAM, 22.8°N; and
Qsaybeh, QSB, 33.9°N), and to check whether, as pointed
out before, the enlargement of the cap affected positively
the internal-external separation. However, a bigger cap
resulted in too large areas lacking in magnetic stations,
and the 20° cap produced realistic equivalent current
functions. Polynomial series were used as temporal basis
functions representing the evolution of the variation be-
tween T = 0 min (corresponding to 1026 UT on the studied
day) and T = 120 min (when it can be affirmed that the
magnetic field is back to its regular shape as if no SFE
existed). No considerable differences were found when
using other types of basis functions; the polynomial expan-
sion set the amplitude of the SFE equal to zero at the end of
the considered period for most of the observatories. Finally,
the maximum values chosen for the spatial expansion in
equations (2) and (3) were K; = K, = 4, and L, = 8 was
chosen for the temporal expansion. A compromise between
fit of the model to the data and realistic representation of the
currents was sought. Going to higher degree expansions
improved the fit, but at the expense of a bad-posed normal
matrix that led to overfitting the input data and to unrealistic
shapes for the equivalent currents (due to the high values of
the spherical cap coefficients that try to compensate each
other). A stepwise regression process based on the statistical
F test was applied to obtain the coefficients of the model
[Haines and Torta, 1994].

[25] Figure 7 shows the external equivalent current func-
tion derived from the final SCHA model by applying
equation (3). The equivalent currents flow along these
contour lines. The black circle delimits the cap area inside
which the model is valid. The white arrows represent the
horizontal component of the magnetic variation associated
to the SFE at each observatory for a given snapshot, with
magnitude and phase derived as:

|Sf€H | - \/m N O‘Sfeﬁ = tan71 (%) (4)

AY
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Figure 6. Continuous line: external equivalent current systems determined from a spherical cap
harmonic analysis (SCHA) model using primary (external) and induced (internal) ionospheric magnetic
field values from CM4 as input data. Dashed line: primary (external) equivalent current systems as given
by CM4 [Sabaka et al., 2004] for the same day. The synthetic CM4 values used as input data to obtain the
SCHA model were generated at the real observatories locations marked by the solid circles as well as at
locations at the same dip latitude but shifted +15°/—15° in longitude with respect to the real
observatories. Contour interval is 5 kA for both current systems.

being AX and AY the amplitude of the recorded SFE in the
north and east components of the magnetic field, respec-
tively. Note that they correspond to the total (external plus
internal) field measured at each station. As stated by Curto
et al. [1994b], the induced currents for both S¢ and SFE
amount about 40% of the total intensity, so the isolation of
the primary currents by the SCHA model allows for a more
accurate determination of the focus position (assuming that
the internal-external separation has been done properly).
The figure also shows the external equivalent current
function for the regular variation S; obtained through
another SCHA model. This method was preferred to the
representation of the Sg as given by CM4 because of the
reasons given in section 2, and after considering the good
results described in section 4 for the synthetic case. The
SCHA model for the S; variation was obtained using the
interpolated regular diurnal variation curve obtained in

section 2 between 0830 UT and 1330 UT as the input data.
Values from the real observatories shown in Figure 4 were
considered, as well as 1-h shifted values at locations
displaced 15° in longitude, as explained in section 4. The
model was developed on a 45 degree cap centered at 45°N,
10°E. We also tried a model for the Sk using the same cap
that was considered for the modeling of the SFE currents.
The position of the vortex does not change at all, and only
the shape of the currents changes slightly, especially for the
NW part of the cap and of course outside the boundaries of
the smaller cap. The maximum spatial and temporal
expansions adopted were K;,, = K..; = Lpnax = 4, using
Fourier series as temporal basis functions. The focus of the
Sz deduced from the SCHA model is located to the north
compared to the Sq focus that would be obtained if CM4
were used. We obtained a mean difference of about 10° in
latitude and 2° in longitude (i.e., the SCHA Sy focus is
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Figure 7. SFE equivalent current system (black continuous contour lines) created by the solar flare
under study as given by the SCHA model for different moments. The position of the S focus (gray
dashed contour lines) as computed through a different SCHA model is also shown for each particular
snapshot. Contour interval 5 kA for both current systems. The arrows represent the horizontal SFE vector

as recorded at each particular observatory.

found to the northeast with respect to the CM4 Sg focus).
The difference is again attributed to the day-to-day
variability of the ionospheric current system. An evaluation
of the change in the Sg system for different magnetic
universal times and seasons can be found in the work of
Sabaka et al. [2002]. The fact that the flow lines do not
close around the focus for the NW part of the considered

region may be due to the lack of data in the area compared
to the size of the considered cap. The contour spacing in
Figure 7 represents a 5 kA current flux for both SFE and Sy
systems. The currents mainly flow in counterclockwise
sense around the foci, as typically corresponds to the
overhead northern hemispherical Sg system.
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Figure 7.

[26] The size of the SFE and Sk current whorls may be
determined, for instance, by measuring the size of the area
encircled by the contour line whose current function value is
I =1, — 25 kA, where I, is the current at the focus.
Between 1034 and 1044, the size of the SFE current whorl
is smaller than that of the S, which means that the SFE
phenomenon is affected by smaller wavelengths. This
justifies the use of a smaller cap for the SCHA and indicates
that the external-internal separation is possibly correct. As
stated by Torta and De Santis [1996], in the cases in which
the area of existence of the variation is to some extent
coincident with the cap-like region, or when some regional
part of the global source can be separated (because of its
independence or symmetry) from the remainder of the
variation source, it is possible to carry out an SCHA of
geomagnetic variations and rigorously determine their ex-
ternal and internal sources. In any case, there is not a model
to give account for SFE external and internal magnetic
variations, as they are for the Sq field, to be able to proceed
with similar simulations as those presented in section 4 and
be more conclusive on the above statement.

[27] The evolution of the SFE current system starts at
1026 UT with a focal point over the southern part of the
studied region. The position and shape of this vortex is
mainly defined by the variation recorded at Surlari obser-
vatory (SUA; 44.7°N, 26.1°E), where AX = —8.4 nT and

10°E 20°E 30°E 40°E

200W10°W 0° 10°E 20°E 30°E 40°E

(continued)

AY= —2.8 nT for that particular instant, much sharper than
for the rest of stations. These large values may be due to an
anomalous local conductivity producing a strong induced
field. In fact, CM4 predicts a significant bias associated to
SUA (—100 nT for the horizontal components of the
magnetic field). The external-internal separation given by
the model might not be accurate enough at this initial
moment in the vicinity of such anomalies, as the errors in
the external and internal fields are equal and opposite, and a
nonrealistic ionospheric current function is provided by the
model at this stage.

[28] From this point afterwards, a counterclockwise vor-
tex forms at the southeast part of the cap, gradually
increasing in intensity until a maximum is reached between
1036 UT and 1041 UT. SFE vectors, especially those in
southern Europe, constrain the position of the focus. It must
be taken into account, as previously stated, that they
represent the internal plus external variation recorded at
each observatory and that the internal currents (not shown
here) move the direction of the arrows southward since the
focus of the internal current system is located at a lower
latitude than that of the external current system. The SFE
focus apparently shifts in NW direction following the
oblique lines of the Sk current system. As said before, no
improvement in the model was found when extending the
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Figure 8. Temporal evolution of the difference in longitude (gray crosses) and latitude (black dots) of

the SFE and Sy foci.

size of the cap southward, probably because of the lack of
data for too large regions.

[29] Following this evolution, we can affirm that the SFE
current system seems to form not as an enhancement of the
Sz (Sg) system, but both systems present different latitude
and longitude for the foci from the very beginning of the
phenomenon. This would corroborate the hypothesis by
Curto et al. [1994D] that solar flare effects are not a pure
and simple increase in the diurnal variation. The center of
the SFE focus appears around three degrees higher in
latitude and about 1 h later in local time with respect to
the focus of the Sp vortex as estimated from the SCHA
model. From that point on, the difference in latitude with the
Sy focus increases up to 10°, and the difference in longitude
is approximately constant (the SFE focus located 10° east-
ward) up to 1050 UT approximately. From that moment on,
the SFE focus has not such a definite structure (as can be seen
from Figure 7), so it is not so obvious to obtain its location.
The temporal evolution of the difference in the location
between the Sk and the SFE foci is shown in Figure 8.

[30] It is worth to note that these differences are affected
by errors. It does not seem feasible to allot a numerical
value to the goodness of the final determination of the
current system shape. The inaccuracy depends on many
factors: the uncertainty derived from the analysis technique
itself and its difficulty to accurately separate the external
from the internal fields, the goodness of the fit to the
original magnetic data, but also the procedure used to
isolate the SFE signal from the recorded diurnal variation.
Moreover, as said in the previous paragraph, at later times
the inaccuracy in the estimation of the focus position may
be larger. Nevertherless, our results are compatible with
those from previous studies. By studying ten different SFE
with an approximate method, Van Sabben [1961] found that
the vortex center of the daily variation was located, on
average, 6° lower in latitude with respect to the SFE focus,
and almost in all cases to the west of it. Curto et al. [1994a]

found similar results in the global study of a particular event
(1 h offset in local time and 4° shift in latitude).

[31] Our study also reflects a different inclination for both
SFE and Sy elliptical current systems. According to Curto et
al. [1994b], the action of neutral winds on the SFE current
system, located at a lower altitude in the ionosphere (about
10 km lower) compared to the Sq system, makes the SFE
equivalent currents to appear rotated compared to those of
the Sq. The rotation is at its maximum before local noon
time, when the discrepancy in the velocity of the winds for
the different layers of the dynamo region is higher, trans-
lating into a phase difference at ground level between SFE
and Sy variations.

[32] From 1044 UT onward, the intensity decreases
progressively until the focus disappears after 1100 UT. Late
undulations are due to nonzero amplitude still recorded at
some observatories but, as pointed out in section 2, this
could be associated to the particular interpolation adopted in
the magnetograms to obtain the Si variation. Nevertheless,
it can be said that the enhancement and recovery phases are
not symmetrical, the first process being much faster than the
second one. This can be related to the form of the solar flux
recorded by the GOES satellite and shown in Figure 1. If we
assume that the focus disappears at 1110 UT, we can say
that only radiation above 0.1 mW/m? in the 1-8 A band
produce enough ionization in order to create a prompt
disturbance in the magnetic field recorded at the Earth’s
surface.

[33] It is worth while to remember that not all solar flares
produce the same effect on the Earth’s magnetic field. For
example, the amplitudes of the different SFE studied by
Curto et al. [1994a] were 30% that of the diurnal variation
at peak time, whereas in our case study both amplitudes are
comparable. This fact can be also seen in the similar spacing
between contour lines for both vortex systems.

[34] Figure 9 shows the fit given by our model (consid-
ering internal and external coefficients) to the SFE variation
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Figure 9. Temporal evolution of the SFE recorded at ten different observatories (gray lines) compared
to the variation predicted by the SCHA model (black lines). Inside each box the top curve represents X
component, the middle one is Y component, and the one at the bottom is the Z component. The name of
each observatory is indicated by its three-character IAGA code.

recorded in the three components of the magnetic field at
different observatories. It can be seen how the polynomial
fit given by our model brings the variation close to zero as
time passes by after the instant of maximum amplitude of
the SFE. Even though the fit is quite appropriate for almost
all stations both in amplitude and phase, there are some
discrepancies found for five particular stations, especially
regarding the fit to the phase of the event in the Y and Z
components. These stations are Brofelde (BFE), Hel (HLP),
Surlari (SUA), Niemegk (NGK), and Nurmijarvi (NUR). It
is interesting to note that the bias predicted by the CM4

model (understood as the deviation with respect to the main
field due to the local lithospheric field) for some of these
observatories is very significant, as already stated for SUA.
For example, the bias in the Z component for BFE given by
CM4 is around —250 nT, the biases for X and Y compo-
nents are close to —200 nT for HLP, and the bias in the X
component for NUR exceeds 300 nT. These high values
may be associated to local anomalies in conductivity as
previously stated. An alternative explanation could simply
be related to a nonmodeled signal, for example, due to
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magnethospheric currents crossing the boundaries of the cap
where the study was conducted.

6. Conclusions

[35] We have presented in this paper a new approach to
study the immediate effects of solar flares on the Earth’s
magnetic field. We chose the particular event on 5 Decem-
ber 2006 because of its strength and the important distur-
bances it provoked. Our model allows for a simultaneous
spatial and temporal interpretation of the phenomenon,
improving significantly previous studies where only spatial
characterization of the event for a particular snapshot was
done. The spherical cap harmonic analysis technique
allowed us to represent the variations recorded in the
magnetic field at ground observatories as well as the iono-
spheric equivalent current systems responsible for these
variations and for the S current system, demonstrating that,
besides the problems associated with the technique, SCHA
produced in this case a feasible internal-external separation
as it was shown for the synthetic case in section 4.
According to our model, the SFE equivalent current whorl
is distinct from that of the Sp, its size is much smaller, and it
appears to the north and around forty minutes before in local
time with respect to that of the Sg, confirming previous results
found by other authors for different solar flare effects.

[36] It is our hope to extend this study to other events
occurring during different magnetic conditions (i.e., differ-
ent parts of the solar cycle, seasons of the year, and local
times), in order to conduct a systematic study of solar flare
effects that will help to understand the physics behind the
phenomena. The existence of an organization like INTER-
MAGNET provides the observatory data necessary for this
kind of study in a simple and rapid way, overcoming the
difficulties and delays that occurred in the past. The results
will be interpreted, as done in this paper, with knowledge of
all the assumptions adopted regarding the isolation of the
SFE variation, and the capability of SCHA (or any other
technique) to properly separate between internal and exter-
nal contributions.
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