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Abstract

The ionospheric behavior over Belgium during the partial solar eclipse of 20 March 2015 is analyzed based on high-resolution solar
radio flux, vertical incidence sounding, and GPS TEC measurements. First results of ionosonde-based ionospheric plasma drift and tilt
observations are presented and analyzed, including some traveling ionospheric disturbances caused by the eclipse. Also, collocated iono-
sonde and GPS measurements are used to reconstruct the time evolution of the vertical electron density distribution using the Royal
Meteorological Institute (RMI) ionospheric specification system, called Local Ionospheric Electron Density profile Reconstruction

(LiEDR).
© 2016 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Solar eclipses have long since attracted attention with
the relatively rare conditions they create and, thus, the
opportunities they offer for ionospheric research (Beynon
and Brown, 1956). It was soon recognized that the eclipses
can be particularly useful when studying the solar ionizing
radiation and various effects on both the thermosphere and
the ionosphere, including temperature balance, production
and loss in the lower ionosphere, transport processes in the
upper ionosphere, etc. (Rishbeth, 1968, 1970).

One might be tempted to think that (total) eclipse con-
ditions can be considered the same as the night conditions,
albeit short-lived. However, since the space shadowed by
the Moon’s passage in front of the Sun is relatively small,
the decay rate of the ionosphere is not the same as during
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night because of the compensating effect of the ionization
coming from the adjacent (sunlit) regions. This, and the
fact that different eclipses occur at different locations and
seasons, makes the eclipse studies quite difficult actually.
Earlier investigations of eclipse effects on the ionosphere
were carried out by observing the changes in intensity of
radio waves reflected from the ionosphere, followed by
absorption measurements at oblique incidence on one or
several frequencies (Beynon and Brown, 1956, and
references therein), vertical incidence sounding (VIS) with
ionosondes (Nestorov and Taubenheim, 1962), in situ mea-
surements with rockets and satellites, total electron content
(TEC) deduced by observing the Faraday rotation of
polarization of lunar radio waves (Klobuchar and
Whitney, 1965), incoherent scatter radar measurements of
plasma density, temperature and drifts (Baron and
Hunsucker, 1973), and — with the advancement of the Glo-
bal Positioning System (GPS) technology — via GPS-based
TEC observations (Afraimovich et al., 1998; Rashid et al.,
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2006). Simultaneous multi-instrument observations (at sin-
gle and/or several locations) (Farges et al., 2001; Jakowski
et al., 2008; Le et al., 2009; Chuo, 2013; Kumar et al., 2013)
together with targeted modeling studies (Miiller-Wodarg
et al., 1998; Korenkov et al., 2002) seems to be the most
efficient way of studying the complex, multifaceted nature
of solar eclipses and their effects on the ionosphere.

While, initially, the efforts went on investigating the
source of atmospheric ionization (electromagnetic or cor-
puscular radiation) and the chemical composition of the
upper atmosphere (e.g. ionospheric plasma recombination
rates), the interest shifted in recent years towards investi-
gating the atmospheric gravity wave (AGW) phenomena
generated by the Moon’s shadow passing (at a supersonic
speed) through the atmosphere (Chimonas and Hines,
1970; Davis et al., 2001; Altadill et al., 2001; Jakowski
et al., 2008).

An eclipse affects all ionospheric layers although with
different strength and manifestation of the effects. At lower
altitudes (in the ionospheric D and E layers), the amount of
ionization is governed by ion production and loss processes
(photochemical equilibrium) while at higher altitudes the
drift (transport) processes take precedence.

The presence of (substantial) ionospheric tilt and plasma
drifts impedes the accuracy (and, in some cases, even the
implementation) of some of the above-mentioned observa-
tion techniques. It is therefore important to have these (tilt
and drift) measurements carried out in parallel to other
measurements and considered when studying the eclipse
effects.

A total solar eclipse occurred on 20 March 2015 with
most of the total eclipse path located in the North Atlantic
(Fig. 1). As a result, a partial solar eclipse was visible from
Belgium on the same day between 8:27 uT (start, ¢,) and
10:47 ut (end, t.), with a maximum eclipse of 81.5%
recorded at 09:34 uT (max, t,,).

The paper presents first results and analyses of
ionosonde-based ionospheric plasma drift and tilt observa-
tions together with a reconstruction of the local vertical
plasma redistribution in an unprecedented high-cadence
survey.

2. Instrumentation and measurements

Spectral radio observations of the Sun are carried out by
the Royal Observatory of Belgium (ROB) in Humain
(50.2°N, 5.2°E). The Humain Radio-Astronomy Station
(RAS) employs a radio telescope consisting of a 6-m Sun-
tracking parabola with a receiver antenna placed at the
focus. The instrument measures the solar radio flux
(SRF) with a sampling rate of 250 ms (integrated over 6-s
time periods) at pre-selected frequencies, delivering valu-
able information about the solar irradiance and flares.

A high-performance NovAtel GPStation-6™ is used to
provide 1-s Total Electron Content (TEC) measurements.
The receiver can track all present and upcoming Global
Navigation Satellite System (GNSS) constellations and

satellite signals with a maximum sampling rate of 50 Hz
for each of the 120 available tracking channels.

The principal instrument used in this study is the
Digisonde-4D® (Reinisch et al., 2009), installed at the
RMI Geophysical Center in Dourbes (50.1°N, 4.6°E).
Digisonde-4D is a state-of-the-art equipment using radar
principles of remote sensing to evaluate with high-
accuracy and precision the conditions of the ionospheric
plasma above the station. It boasts multiple functionalities
supported by a fully automated operational and database
management system. It is capable of simultaneously mea-
suring the following observables reflected (in vertical inci-
dence) or refracted (in oblique incidence) signals from the
ionosphere: frequency, range, amplitude, phase, Doppler
shift and spread, angle of arrival, and wave polarization.
Signal transmission is performed with two (NE-SW and
NW-SE) crossed ‘“delta” antennas of 40 m in height and
reception is done with an array of four crossed magnetic
dipole receive antennas in a triangular arrangement. The
Digisonde is equipped with the latest versions of the com-
puter software for automatic ionogram interpretation,

ARTIST-5 (Galkin and Reinisch, 2008), and Digisonde Drift
Analysis, DDA (Kozlov and Paznukhov, 2008). For the
purpose of this study, the Digisonde was used to produce
ionogram and drift measurements with a time resolution
of 30s. Some of the Digisonde operational settings for
the eclipse campaign are listed in Table 1.

The measurements during the eclipse on 20 March 2015
were compared with the same type of measurements from a
“control” (or “reference”) day, 21 March 2015, when the
geophysical conditions were back to normal. The sampling
rate was kept unchanged during both the eclipse and con-
trol days.

3. Solar radio flux observations

The Humain RAS recorded the solar radio flux (Fig. 2)
during the eclipse as the Moon was moving in front of the
Sun and, again, during the same period on the control day.
During the eclipse, the solar flux decreased steadily from
about 08:30 uT to a minimum at about 09:30 ut before
recovering to its pre-eclipse values at about 11:00 ut. The
spikes on the frequency curves are caused by solar bursts
(when appearing simultaneously on different curves) or
by interference. Ripples are due to interference with the
telescope parabola reception by the solar radiation
reflected from the ground.

4. GPS-based observations of the vertical TEC

Fig. 3 shows the vertical TEC for the eclipse and refer-
ence days at 60-s time resolution. Similar to the critical fre-
quency (f,F, see Section 5), the reference-day TEC shows
a straightforward linear increase, expected for this time of
day. During the eclipse, TEC behaves similarly to f Fj:
around 08:00 uT it starts to deviate from the reference,
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Fig. 1. Schematic map of the 20 March 2015 solar eclipse path (Eclipse Predictions by Fred Espenak, NASA/GSFC).

Table 1
Digisonde settings during the March 2015 eclipse campaign in Dourbes.
Tonogram SkyMap
Frequencies 1-10 MHz S MHz
Coarse step 25 kHz Five 50 kHz fine steps
Polarity O only O only
Integrated repeats 4 128
Wave form 66.6 ps Pulse 16-Chip complementary
Starting seconds 00 & 30 15 & 45
Sounding time 14.470 s 12.830 s

stagnating around 12-14 TECU (1 TECU = 10'° el/m?)
before starting to decrease when the eclipse reaches its
maximum. This is in good agreement with the observations
of the 11 August 1999 (Bamford, 2001) and 3 October 2005
eclipses over Europe (Jakowski et al., 2008).

5. Vertical incidence sounding observations of key
ionospheric layers characteristics

For a more reliable comparison with previous eclipse
studies, presented also here are the variations of key iono-
spheric characteristics such as the E-layer critical frequency
(f,E) (Fig. 4), the F-layer critical frequency (f,F) (Fig. 5),
and the F-layer peak density height (4, F») (Fig. 6), for both
the day of the eclipse and the reference day. These charac-
teristics were automatically scaled by the ARTIST-5 software.

Since the E layer is a daytime phenomenon, maintained
mostly by photoionization of neutral components of the
atmosphere, it is expected to react promptly to the lack
(or decrease) of solar irradiation. Indeed, shortly after the
start of the eclipse, f E started to decrease from its
normal-day values of about 2.8 MHz at 08:30 ut down
to 2.5 MHz about 15 min later. The values remained low
until about 10:45 ut when the frequency started to increase
steadily up to their normal values reached shortly before
the end of the eclipse.

Given the increased difficulty of automatically scaling
the measured parameters due to the increased rate of
sounding (cf. Table 1), the autoscaling software did
remarkably well in identifying the correct f,F, values.
Visual inspection makes it immediately clear which points
are outliers that can be discarded and what the real behav-
ior of f_F, is. The divergence from the normal (quiet-time)
diurnal evolution of f F, during the eclipse is clear: the
usual morning-time increase is interrupted after 06:30 ut
and, from around 07:45 ut until 09:15 uT, a plateau is
formed with f F, stagnating around 5.0 MHz, followed
by a steep decrease down to 4.1 MHz at 09:45 ut, before
starting to climb again. Note that the values of the critical
frequency, f,F,, on the day of the eclipse start to deviate
from their averages (and from those on the reference
day) even before the eclipse has started over Belgium at
t,. This can be explained by plasma moving towards the
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Fig. 2. Solar radio flux (in Analog-Digital Units) measured in Humain on
the eclipse day, 20 March 2015 (panel A), and on a normal day, 21 March
2015 (panel B), at five selected frequencies ranging from 328.6 MHz to
869.9 MHz. On March 20, frequencies 699.0 MHz and 614.1 MHz are
affected by strong interferences, but the curves still follow the general
trend of the other frequencies. Credit: Royal Observatory of Belgium
(ROB).

region where the eclipse was already in progress at that
time (the eclipse started over the Atlantic Ocean at 07:41

uT). However, we will discuss this observation after we
assess the other (types of) measurements.

The E-layer peak height (4,,E) is a very stable character-
istic that remained unaffected by the eclipse and main-
tained its normal values of around 100 km (figure not
shown).

The F-layer peak height, 4, F, (Fig. 6), varied substan-
tially during the eclipse although its automatic scaling
was clearly not as good as that of f F,. The latter was to
be expected considering that the sunrise period, with the
rapid changes in the ionosphere, is the most difficult period
for autoscaling (Stankov et al., 2012), especially when such
challenging ionosonde settings were used throughout this
campaign. Nevertheless, one important feature of 4,,F>,
observed between 09:45 ut and 10:15 ut (Fig. 6A), was
its sudden increase opposite to the pronounced decrease
in the critical frequency f,F, (Fig. 5A) during the same
period.

6. Modeling the vertical ionospheric plasma distribution

For eclipse observations to be successfully used in iono-
spheric studies, detailed electron density profiling is a
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Fig. 3. Vertical TEC during the eclipse (panel A, crosses) and during the
same period on the regular day (panel B, crosses). Instead of continuously
increasing, which is the normal morning behavior, the TEC stagnates at
12-14 TECU before starting to gradually decrease after 08:30 ut. The
solid curve represents the median behavior calculated from measurements
of the 27-day period centered on the day of the eclipse.

necessity. Ionospheric characteristics scaled automatically
from the ionograms together with the vertical TEC values
calculated from the GNSS measurements are used here as
input for the RMI Local Ionospheric Electron Density
Reconstruction (LIEDR) system (Stankov et al., 2011). LIEDR
uses f,F,, f,E,M(3000)F, and TEC as input parameters,
as well as solar radio flux and geomagnetic measurements.
It acquires and processes in real time the concurrent and
collocated ionosonde and GNSS TEC measurements, and
ultimately, deduces a full-height electron density profile
based on a reconstruction technique (Stankov and
Muhtarov, 2001; Stankov, 2002; Stankov et al., 2003) uti-
lizing different ionospheric profilers (Exponential, Epstein,
Chapman) and empirically-modeled values of the O —H™
ion transition height. In this way, the topside profile is
more adequately represented because of the use of indepen-
dent additional information about the topside ionosphere.
The retrieval of the electron density distribution is per-
formed in two main stages: construction of the bottomside
electron profile (below #,F,) and construction of the
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Fig. 4. The variation of the ionospheric E-layer critical frequency, f, E,
during the eclipse (panel A, crosses) and the control day (panel B, crosses).
The solid curve represents the median behavior calculated from measure-
ments of the 27-day period centered on the day of the eclipse.

topside profiles (above 4,F,). The ionosonde measure-
ments are used for directly obtaining the lower part of
the electron density profile. The corresponding bottomside
part of TEC is calculated from this profile and is then sub-
tracted from the entire TEC in order to obtain the
unknown portion of TEC in the upper part. The topside
TEC is used in the next stage for deducing the topside
ion and electron profiles. The result is a full-height profile
of the electron density distribution, from 90 km up to
about 1100 km, which can be easily put on display (profilo-
gram) for a close-up analysis (Fig. 7).

On both the eclipse and reference days, the LIEDR system
was run for a first time at a 60-s time resolution, which is
the resolution at which TEC values are available. The
higher the sounding rate, the more accurately the changes
in the ionosphere can be estimated (Bamford, 2001;
Davis et al., 2001). In our study, the ionospheric character-
istics are available at twice this rate (i.e. every 30 s), allow-
ing for the implementation of a simple data cleaning
procedure replacing the outliers with interpolated values.

A clear decrease in the ionization level is visible (Fig. 7)
as a result of the decrease in the production rate. However,

foF2 (2015-03-20)

2411

06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00

10.0 | T T N T N KI I B | - | | L 10.0
9.0 é i T Foo
8.0 J : : i Es8o0

£ 7.0 : i i E7.0
S | | Lk
& 6.0 : E i P E 6.0
2003 | | £
5.0 ] S| a0 1 Eso0
4 e E .h"’ 3 . E F
] R ol TN CE
a0 S SR h | Fao
1. ts | tin | Le| F
3.0 T T T T T T T T T T T T L 3.0
06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00
Universal time
foF2 (2015-03-21)
06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00

10.0 | I IR T B ll I I | . | | L 10.0
9.0 —.H : : T Eoo0
8.0 3 E ; ! F8o0

£ 7.0 i ; i E7.0
S z e N
& 6.0 : 4 E PE 6.0
A | s e
5.0 I ki P i L Eso0
1 s E | . PE
404 " ; i i Fao
] ts tm t('i F
3.0 T T T T T T T T T T T T [ T T 1 3.0

06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00
Universal Time

Fig. 5. Ionospheric F-layer critical frequency, f,F,, during the eclipse
(panel A, crosses) and the control day (panel B, crosses). On the control
day, f,F, exhibits the normal, quiet-time increase in the morning. On the
day of the eclipse, the peak density starts to deviate from the normal
pattern between 07:30 ut and 08:00 uT, and even decreases right after the
maximum of the eclipse. The solid curve represents the median behavior
calculated from measurements of the 27-day period centered on the day of
the eclipse.

it should be noted that the whole event happens rather
quickly compared to many ionospheric processes, and that
the ionosphere does not get sufficient time to reach equilib-
rium with this lower production rate before the eclipse has
passed and the production started to increase again. This
suggests that, perhaps, the topside ionosphere was not
accurately modeled by LiEDR because the normal, equilib-
rium day-time option was used throughout. A topside pro-
filer, that is more suitable for this kind of (non-equilibrium)
conditions, would produce more accurate results; however,
the finding (construction) of such profiler is still an open
problem (Verhulst and Stankov, 2015).

7. Ionospheric plasma drift and tilt

In a detour from the traditional focus on the ionospheric
peak characteristics and TEC, and in search of better
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Fig. 6. Ionospheric F-layer peak height, 4,,F», during the eclipse (panel A,
crosses) and the control day (panel B, crosses). On the control day, %, F,
exhibits the normal behavior while on the day of the eclipse, a peak
appears immediately after the maximum obscuration. The solid curve
represents the median behavior calculated from measurements of the
27-day period centered on the day of the eclipse.

understanding of the transport processes in the (upper)
ionosphere, we carried out unprecedented ionosonde-
based high-cadence plasma drift and ionospheric tilt
measurements.

The Digisonde has the capability to measure the angle of
arrival and Doppler shift for each received echo. Using
these measurements, a SkyMap can be constructed, i.e. a
two-dimensional map of the ionosphere showing the zenith
and azimuth of echoes originating over a region around the
ionosonde, as well as each echo’s Doppler shift. The iono-
sonde Doppler shift is a measure of the so-called “appar-
ent” bulk plasma drift velocity, which is a function of
several time-varying properties of the radiowave propaga-
tion medium. The “apparent” velocity is normally different
from the “real” velocity although there are periods and
locations when they are similar or even identical. In gen-
eral, the apparent velocity is a reliable measure of the
plasma motion during periods of ionization equilibrium
when the photoionization and recombination do not
change the refractive index of the propagation medium.

The behavior of the apparent vertical plasma drift veloc-
ity (v,) is shown in Fig. 8. Contrary to the clear trend exhib-
ited by f_F,, v, remains more or less the same for the entire
time interval under consideration on both days. However,
a few well-pronounced oscillations are detected during
the eclipse (Fig. 8A). First, shortly after the start of the
eclipse, at around 08:30 ut, v, increases sharply from
—5m/s up to about +20 m/s and then reverses to —5 m/s
at 08:50 ut. This is quickly followed by a similar oscillation
from —5 m/s to +20 m/s and back down to —5 m/s ending
at around 09:00 ut. Around 09:30 urt, coinciding with the
maximal eclipse, again a new steep increase in v, exceeding
+40 m/s is observed, followed by an equally large decrease
around 10:30 ut. Note that the maximal values reached in
between are unknown because they are outside the range
observable by the ionosonde.

The zenith angle ({) (Fig. 9) and the azimuth angle («)
(Fig. 10) of the ionospheric tilt during the two campaign
days were thoroughly investigated as well. During the
observed time periods no net change in the tilt is observed.
Similarly to the v. measurements, there are some clear oscil-
lations. Moreover, the disturbances in the tilt angles coin-
cide with those of v,. On the reference day, 21 March
2015, two maxima in { can be seen at the same times as
the v, peaks. On the eclipse day, 20 March 2015, between
08:30 ut and 09:00 uT, there are two disturbances in the tilt,
coinciding again with the peaks in v,. But the largest fluctu-
ation in the tilt is observed between 09:30 ut and 10:30 uT
on the eclipse day, at the time of the maximal eclipse and
coinciding with the large positive peak in v,. Note that the
maximum of the peak in { is also outside the measurement
range.

8. True height plasma frequency contours

Fig. 11 shows the true height contours for twelve fre-
quencies from 2.8 MHz to 5.0 MHz respectively for the
day of the eclipse (panel A) and the reference (panel B)
days. These contours are derived from the traces obtained
from the vertical soundings by the ARTIST-5 autoscaling
software (Galkin and Reinisch, 2008). In Fig. 11A the
arrows indicate wave-like disturbances similar to the
oscillations seen in the drift and tilt measurements
(cf. Figs. 8-10). It is important the that these 3 arrow-
marked variations occur concurrently in all contours
together, which is usually interpreted as a sign of traveling
ionospheric disturbances (TIDs) (Jakowski et al., 2008).

The advantage of high time-resolution observation is
that there are multiple measurements over the course of
one TID. Since the time-scale of TIDs is typically 20 to
30 min, during the usual five-minute cadency schedule
there will normally only be a few measurements during a
TID. This makes it more difficult to distinguish a TID
among the normal variations in the scaled traces, especially
when relying on auto-scaled data. TIDs are expected
during eclipses, so the latter provide excellent opportunities
to study TIDs with high time-resolution campaigns.
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Fig. 7. Vertical electron density distribution (converted to plasma frequency in MHz), as modeled by the LIEDR system, during the eclipse (panel A) and at
the same time period on the control day (panel B). The red arrows in panel A indicate the times of the most significant disturbances (cf. Fig. 11 below),
believed to be related to TIDs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

9. Discussion

Theoretically (Richmond, 2011), the ionospheric plasma
tends to convect in the presence of an electric field as
though all particles are forced to remain on a common
geomagnetic-field line as they move, according to the
“frozen-in” magnetic flux concept. If we adopt this con-
cept, the plasma dynamics is then split between a field-
aligned motion (which is strongly related to local pro-
cesses) and a perpendicular motion (controlled by either
the rotation or the convection electric field). At middle lat-
itudes, like the location of Dourdes (50.1°N), co-rotation
prevails with a slight contribution of the dawn-dusk con-
vection electric field. The field-aligned motion is, more or

less, controlled by zonal neutral winds which have a field-
aligned component. Although the ionospheric £ and F
regions are coupled electrodynamically, there are substan-
tial differences.

In the lower ionosphere (E region), photochemistry is by
far the dominant process governing the plasma density and
distribution. Also, the frequent collision between the ion-
ized and neutral components in this region leads to a rela-
tively short lifetime of the ion species, on average about
one minute. As a result, the E region is expected to react
much faster to any change in solar radiation. Thus, this
region is a perfect proxy for eclipse monitoring, as long
as it is in the shadow of the Moon. The f E plot (Fig. 4)
clearly shows that, except during the eclipse, the E layer
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Fig. 8. Vertical component of the apparent plasma drift velocity (v,)
during the eclipse (panel A) and the control day (panel B), positive values
indicate upward direction. There is a gap in the data after the maximum
obscuration due to drift values outside the instrument range.

is very similar from one day to the other, meaning that the
lower ionosphere is not really affected in the period before
the start of the eclipse (¢,). Since the E region is less affected
by the magnetic field, if there were some plasma transport
effects prior to the eclipse to be observed, there should
undoubtedly be some markers in the E-region data to be
seen, which is not the case.

Something else, however, was seen in the E region dur-
ing the eclipse, which needed further investigation. The
E-layer critical frequency started to decrease steadily as soon
as the eclipse started and reached a bottom of 2.5 MHz
which remained unchanged for about 1.5 h between about
08:45 ut and 10:15 ur, including the time of the maximum
eclipse. A careful inspection of the ionograms (and sky-
maps) reveals that ArRTIST had difficulties identifying a
proper trace of the E layer and eventually offered a default
daytime value of 2.5 MHz (Fig. 12A, left). The most prob-
able explanation, in our interpretation of the data, is that
the E layer was substantially depleted (almost non-
existent) at around the time of the eclipse maximum, thus
resembling night-time conditions. This is supported by
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Fig. 9. Ionospheric tilt measurements—zenith angle ({)—during the
eclipse (A) and control (B) days. Note the data gap occurring at the
same time as for the v. data.

the substantial uplift in the true-height contours and the
gap for frequencies above 4.2 MHz (Fig. 11A). Note also
that simultaneous gaps occur in the drift and tilt measure-
ments (Figs. 8-10) suggesting very large ionospheric tilt (cf.
Fig. 11A, right) and drift readings (which is a sign of dis-
turbed conditions). In fact, almost all other skymaps
around the time of the eclipse maximum (z,,) are blank.

In the F region, the photochemistry is much less impor-
tant than the transport processes. During day, near its peak
density height (4,,F>), the F layer is, more or less, in a state
of equilibrium as a result of the O" photo production and
field-aligned diffusion of this major ion in the neutral com-
ponents. The characteristic time of these processes is about
20 min around a height of 200 km and increases with
altitude.

As we pointed out in the previous sections, on the
eclipse day, changes from the “normal” diurnal behavior
of f F, start to appear before the nominal start of the
eclipse, and it stagnates at relatively low values for a pro-
longed period around the start of the eclipse over Dourbes.
The recovery of both TEC and f F, after the end of the
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Fig. 10. Ionospheric tilt measurements—azimuth angle (¢)—during the
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eclipse is rather slow, and continues throughout the day.
This is clearly seen in LIEDR profilograms for the two days
shown in Fig. 13.

One hypothesis can be that the decrease in plasma den-
sity is due to plasma moving westward towards the region
in the Atlantic where the eclipse was already in progress.
However, these differences first started to appear shortly
after 06:30 ut, well before the eclipse started over the ocean
(07:41 ur). Since such differences are observed neither in
the vertical TEC data (Fig. 3) nor in the 4,F, data
(Fig. 6), they should be associated to other processes occur-
ring in the F region rather than being related to the eclipse.
Statistically, there is not much difference between the
eclipse and control day. Any differences prior to the
07:41 ut are, most probably, due to effects from the back-
ground geomagnetic conditions (Fig. 14). The eclipse
occurred during the recovery phase of a strong geomag-
netic storm that started a few days earlier (17 March)
and the ionosphere was still depleted i.e. the plasma density
was still below the mean values during the eclipse and even
on the control day.
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Another hypothesis that can be put forward is the
field-aligned plasma transport which may affect the F, peak
density. The prolonged stagnation of f,F, can actually be
due to a persistent plasma flux downward which would
compensate the production rate. Such a flux could be due
to a northward zonal neutral wind which would project
along the magnetic field as a downward velocity. However,
as the tilt measurements show, the echoes are not coming
from straight above the ionosonde, and we cannot exclude
that this may be an artifact related to the real direction
probed.

The key to understanding what is going on might be
found in the drift and tilt measurements. Indeed, when
the eclipse reaches Dourbes, the vertical component of
the drift velocity, v, (Fig. 8), increases sharply from a low
negative value (—5m/s) to a high positive value (420
m/s) and then decreases again to the negative value of
about —5 m/s. At the same time, the zenith angle (Fig. 9)
increases from 1-2° up to 7°, then back down to 2°, while
the azimuth (Fig. 10) changes from Northwest to Southeast
then back to Northwest. The first oscillation of the vertical
drift velocity and the zenith angle seems to be related to the
beginning of the eclipse when the ionosonde switches from
a westward pointing direction to an eastward direction.
The second oscillation occurs on both the eclipse and con-
trol days at the same time. On the control day, the azimuth
sweeps 720° in one hour while, on the eclipse day, the
pointing direction is North to East. This can be interpreted
as a result of an inhomogeneous ionosphere. The third
oscillation is clearly associated to the maximum of the
eclipse, when a large area around the sounder is in the sha-
dow of the Moon. The ionosonde is then pointing eastward
(South-East), i.e. towards regions which are not yet or, at
least, less affected by the eclipse. The apparent vertical
velocity seems to be related to an increasing zenith angle
towards East. It seems that the ionosonde is following
the edge of the shadow. If this is correct, then the vertical
drift velocity can be considered as an estimate of the line-
of-sight velocity of the shadow of the moon. At the maxi-
mum of the eclipse, it is pointing eastward (azimuth about
80°) with an apparent velocity exceeding +40 m/s. This
represents, at altitudes near the F, peak, a distance of
about +40 km eastwards and a substantial horizontal
velocity of about 700 m/s.

The oscillations observed in the drift and tilt measure-
ments (Figs. 8-10) coincide precisely in time with the simul-
taneous wave-like variations in all of the trueheight curves
(Fig. 11). Moreover, the wave patterns in the bottomside
ionosphere are clearly seen in the model reconstruction
by LIEDR (Fig. 7), including obvious effects on the topside
ionospheric plasma re-distribution. The characteristics
and the similarities between these wave-like patterns,
observed via different measurements, suggest a manifesta-
tion of TIDs. One credible explanation is a bow-wave-
like disturbance in the neutral atmosphere, produced by
the shadow of the moon. However, more high-resolution
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Fig. 11. True-height contours for the eclipse day, 20 March (panel A), and the control day, 21 March (panel B), as derived by the ARTIST-5 software.
Frequencies range from 2.8 MHz to 5.0 MHz, in steps of 0.2 MHz. The shading covers the period of the eclipse and the vertical black line indicates the
moment of maximal eclipse. The red arrows point at the times of the oscillation peaks observed in the drift and tilt measurements (cf. Figs. 8-10). Each dot
corresponds to a separate sounding. It can also be seen on these plots that the lowest frequencies start falling below fE from around 10:15 ut on 20
March (A) and around 09:10 ut on 21 March (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

data from various sources (in situ measurements, incoher-
ent scatter radar, ionosonde, etc.) and multiple events is
needed to form a clear picture of the generation and prop-
agation of TIDs produced by eclipses.

Last but not least, when interpreting local eclipse effects,
it should be taken into account that the response of the
ionosphere to an eclipse can be very different depending

on location (eclipse path), local time and season. For exam-
ple, during eclipse occurring at low latitudes (Madhav
Haridas and Manju, 2012), an increase in f F, might be
observed instead of a decrease. Of course, at high latitudes
(Rashid et al., 2006), a different type of behavior of some
(or all) of these ionospheric characteristics should not be
excluded.
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10. Conclusion

During the eclipse, the behavior of the ionospheric F
layer characteristics and the TEC was as expected for this
time of day and season, and is in agreement with previous
eclipse studies. The observations of drift and tilt during an
eclipse, especially at this time resolution, are unprece-
dented. The most remarkable feature is the close correla-
tion between the zenith angle and the vertical plasma
velocity. This is particularly true for the TIDs caused by
the eclipse, which can be observed in both tilt and drift
measurements as well as in the true-height contours
obtained from vertical soundings.
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