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Abstract A reliable interpretation of solar eclipse effects on the geospace environment, and on the
ionosphere in particular, necessitates a careful consideration of the so-called eclipse geometry. A solar
eclipse is a relatively rare astronomical phenomenon, which geometry is rather complex, specific for each
event, and fast changing in time. The standard, most popular way to look at the eclipse geometry is via
the two-dimensional representation (map) of the solar obscuration on the Earth's surface, in which the path
of eclipse totality is drawn together with isolines of the gradually-decreasing eclipse magnitude farther away
from this path. Such “surface maps” are widely used to readily explain some of the solar eclipse effects
including, for example, the well-known decrease in total ionization (due to the substantial decrease in solar
irradiation), usually presented by the popular and easy to understand ionospheric characteristic of total
electron content (TEC). However, many other effects, especially those taking place at higher altitudes,
cannot be explained in this fashion. Instead, a more detailed description of the umbra (and penumbra),
would be required. This paper addresses the issue of eclipse geometry effects on various ionospheric
observations carried out during the total solar eclipse of 21 August 2017. In particular, GPS-based TEC
measurements were analyzed and eclipse effects on the ionosphere are interpreted with respect to the actual
eclipse geometry at ionospheric heights. Whenever possible, a comparison was made with results from other
eclipse events.

1. Introduction

Solar eclipses have a strong impact on the ionosphere because the majority of the ionization in the iono-
sphere is due to the direct solar radiation. During the eclipse itself a sharp decrease in the ionization level
is observed, followed by a return to normal daytime conditions shortly after the end of the eclipse
(Bamford, 2001; Stankov et al., 2017; Verhulst et al., 2016). Often the decrease in maximal ion density
is also associated with a change in height of the ionospheric F, layer as well as changes in the tempera-
ture of both the neutral and ionized species (Rishbeth, 1968, 1970). Given the rapid onset and passage of
eclipses, in comparison with the typical relaxation times of ionospheric disturbances, during a total
solar eclipse the ionosphere is promptly forced out of both photochemical and diffusive equilibrium
(Mtiller-Wodarg et al., 1998), and eclipse-associated perturbations can linger on after the local occurrence
of the maximal eclipse. Consequently, some eclipse effects on the ionosphere come with a delay, which
can be quite substantial in some circumstances (Hoque et al., 2016; Stankov et al., 2017). In addition to
the direct impact locally, that is, along the path of obscuration, a solar eclipse can induce far reaching
wave-like phenomena traveling away from the path (Abidin Abdul Rashid et al., 2006; Afraimovich et al.,
2000; Altadill et al., 2001; MoSna et al., 2018; Verhulst & Stankov, 2018). Considering the complex
response of the ionosphere, it is of particular importance that an accurate calculation of key characteris-
tics of solar eclipses—such as timing, locations, and levels of obscuration—is carried out, and preferably
provided in advance. Clearly, the availability of such information prior to a particular eclipse event would
help the planning and execution of a dedicated monitoring campaign and facilitate the post-processing
and analyses of results.

Calculation of the occurrence and circumstances of solar eclipses is complicated, compared to, for
instance, lunar eclipses, because it depends on the precise location of the observer. The standard reference
for the characteristics of past and future solar eclipses is the Five Millennium Canon of Solar Eclipses
(Espenak & Meeus, 2009), provided by NASA and available through this url (eclipse.gsfc.nasa.gov).
However, when this catalog of eclipses is used in the context of ionospheric research, some caution is
required.
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First, the apparent positions of the Sun and Moon depend on the altitude above sea level, and the changes in
horizontal parallaxes between an observer on the ground and one at ionospheric altitudes is not negligible
(Verhulst & Stankov, 2017). It has been shown in Stankov et al. (2017), in the context of the 2015 solar eclipse
over Europe, that these geometric effects are indeed important in understanding the reaction of the iono-
sphere to the eclipse.

Second, since a significant part of the extreme ultraviolet (EUV) radiation is coming from the solar corona
around the visible solar disk, the diameter of the corona has to be used as diameter of the Sun (Davies et al.,
2001; Mrak et al., 2018). Contrary to the visible light, for which the solar disk can be assumed to be mostly
uniform, the emitted EUV radiation varies strongly over the solar disk and corona (Hairston et al., 2018;
Mrak et al., 2018). Since the EUV radiation is associated with active regions on the Sun, it cannot be precisely
predicted long time in advance.

This paper is organized as follows. First, in section 2, we provide the calculations for the prediction and char-
acterization of the geometry of solar eclipses in general, and show how the altitude above sea level can be
taken into consideration. The resulting formulas, applied to the calculation of the path of central eclipse
and the height dependent obscuration in either the visible or EUV spectrum, are implemented in Python
as described in section 3. The main results are presented in the next two sections. In section 4 we show
the results in relation to TEC measurements during the August 2017 eclipse. In section 5 the results for other
recent and future eclipses, up to 2025, are provided. We further discuss in section 6 the ionospheric observa-
tions during the solar eclipses in 2015 and 2017, especially in light of the eclipse geometry calculations here
presented.

2. Geometrical Calculations

Since the Sun cannot be considered a uniform radiator in the ionizing part of the spectrum, and the entire
corona is never fully eclipsed, the precise limits of umbra and penumbra and the exact times of contacts
are not very important for ionospheric applications. However, it is important to investigate the large-scale
differences between the eclipses’ paths and the timing of the eclipses’ evolutions. For this purpose, we will
consider the spatial and temporal variations in the curve of central eclipse with altitude. By definition, the
curve of a central eclipse comprises those points where the axis of the shadow cone intersects a sphere with
its midpoint at the center of the Earth.

The formulas given here are mostly based on the detailed derivations found in Chauvenet (1863). Our calcu-
lations are done in two steps: First, the path of central eclipse is calculated from the ephemerides in an spe-
cially constructed Cartesian coordinate system. Next the solution is transformed from these coordinates to
latitude, longitude, vertical height above mean sea level, and universal time. In order to find the position
of the shadow cone produced by the Moon, and the location of the observer relative to it, a coordinate system
is defined in which the xy plane goes through the center of the Earth perpendicular to the axis of the shadow
cone. Since this axis connects the center of the Sun and Moon, the z axis is taken through the center of the
Earth, parallel to the line passing through the centers of the Moon and Sun and positive toward the Sun. See
the left-hand panel of Figure 1, where M and S indicate the positions of the Moon and Sun and the origin O
of the coordinate system is taken at the center of the Earth.

The coordinates of the point Z, where a line through the center of the Earth parallel to the Moon-Sun line
meets the celestial sphere, are fully determined by the positions of the Sun and Moon. Let ay, &y, and ry;
ao and do; and rg be the right ascension, declination, and radial distance of, respectively, the Moon and
the Sun. The coordinates of the Sun in a parallel coordinate system with its origin at the center of the
Moon are given by

Rcosdcosa=rg cos 8 COS ag — Iy COS &y COS &y (@)
Rcosdsina=rg cosdg sin ag — ry cos dy sin ay, 2
Rsind=rg sindg — 1y sin &y 3)

with a, d, and R the right ascension, declination and radial distance in this system of coordinates. The
direction of the z axis is now given by a and d.
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Figure 1. Schematics of the solar eclipse geometry, after Chauvenet (1863). (left) Orientation of the Cartesian coordinate
system oriented with the z axis along the line connecting the Sun and the Moon. M and S are the positions of the Moon
and Sun, and m and S their projection on the celestial sphere. O is the center of the Earth and F the origin of the
translated coordinate system. (right) Schematic view of the geometry of the umbra and penumbra cones during a solar
eclipse. v is the distance from the point P to the center of the Moon, while G is the distance between the centers of
the Moon and Sun. [ is the radius of the umbra on the fundamental plane, that is, the plane through the center

of the Earth and perpendicular to the line connecting the centers of the Sun and Moon. ¢ is the distance of the
observer above the fundamental plane.

The x and y coordinates of the axis of the shadow cone in these coordinates are then given by
X=rycosdy sin (ay —a) @
y=ry(sin &y cos d — cos &y sin d cos (ay — a)) (5)

Clearly, the x and y coordinates for the Sun and the Moon are by construction identical in this system of coor-
dinates, and they can alternatively be calculated from the solar instead of lunar ephemerides.

The coordinates &, 7, and ¢ of an observer can be calculated in the same fashion:

&= (Rs+ h)cospsin(u —a) (6)
7= (Rs + h)(sin ¢ cos d — cos ¢ sin d cos(u — a)) 7
¢ =(Rs + h)(sin g sin d + cos ¢ cos d cos(u — a)) 8)

Here, ¢ is the colatitude and u the sidereal time of the observation, R; is the radius of the Earth and h is the
altitude above the ground. It is possible to take into account the variations in the Earth's radius with the lati-
tude of the observer, but since these variations are smaller than the variations in for instance hmF,—the
height of the main ionospheric electron density peak—we will use a constant radius. The distance Rs+h
can be interpreted as the distance from the center of the Earth, and from this the height above local mean
sea level can be obtained to the desired precision by using a realistic model for the shape of the Earth.
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Consider now the angle ¢ between the edge of the umbral cone and the line connecting the Sun and the
Moon, as depicted in the right-side panel of Figure 1. From this figure it is clear that

. Ro Ry
sing = =— 9
¢ G+v v’ ©)

where the distance G between the centers of the Sun and Moon is given by

G= \/rz) — 21y g (€08 &) cos pcos (ap — ay)+sin g sin &y) + 13, (10)

From Equation 9 one finds easily the distance v between point P and the center of the Moon:

GR
p=_S0 a1
R@ - R)
and therefore,
Rs —R
sing = OT). (12)

Note that the point P can either fall between the fundamental plane and the Moon, as in the figure, or below
the fundamental plane. The former case corresponds to annular eclipses, the latter situation indicates a total
eclipse. In the rare cases where P falls between the fundamental plane and the observer, the latter will see a
total eclipse, while a hypothetical observer at the center of the Earth would see an annular eclipse.

A similar calculation for the penumbra—shown as dashed lines in the right panel of Figure 1—gives

Ro + Ry

5 (13)

sing =
In the following derivations we will only consider the umbra, as we are primarily interested in the path of
central eclipse. A complete derivation of the penumbral case can be found in the literature, for instance
Chauvenet (1863).

The distance between point P in Figure 1 (right) and the principal plane is equal to z5—v, where z is the
z coordinate of the Moon. Thus:

tang = (14)

=V

and taking into account Equation 11:

GRy
= I —— . 1
l (z)) Ro— R)) tan ¢ (15)
For an arbitrary observer at a distance ¢ above the fundamental plane, the radius L of the shadow is then
L=1-/{tan¢. (16)

The distance of this observer, with coordinates £ and 7 in the plane parallel to the fundamental plane, from

the axis of the shadow is given by 1/ (x—£)* + (y—7)>. Thus, the edge of the shadow is described by

(x=£)* + (y—n)* =1—{tang. 17)

From this equation, the entire shape of the umbra shadow on the Earth can be obtained (and in the same
manner for the penumbra, as indicated above). In order to obtain the path of the central eclipse, it can be
observed that this consists of the points for which £ = x and =y and therefore {tan ¢ = [. Thus, we have
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obtained the rectangular coordinates &, 7, and ¢ of the central eclipse from the solar and lunar ephemerides.
It now remains to transform from this system of coordinates to longitude, latitude, and radial distance by
inverting the Equations 6-8. Multiplying Equation 8 with cosd, Equation 7with sind, and subtracting gives

¢cosd —nsind = (Rs + h)cos¢ cos(u — a). (18)
u—a can now be obtained from Equations 6 and 18:

§

> —w—tgr—a. 19
¢cosd —nsind @=lsr—a (19)

M — a = arctan

Here w is the longitude and fgt the time. Squaring Equations 6 and 18 and adding them gives

£+ (¢cosd—n sin d)2 = (Ra—o—h)2 cos’ ¢, (20)

and thus

£ 4 ({cos d—7 sin d)’

sV | a
Rs +h

Using the fact that the square of the radial distance (Rs+h)* = &+7°+¢, itis also possible to obtain h as a func-

tion of the coordinates &, 5, and ¢ for instance, to find the altitude at which the eclipse is maximal. However, in

the current work we are looking for the longitude and latitude of the central eclipse for a given h.

One final problem to be solved is to determine the sign of ¢, which is ambiguous in 21. This ambiguity can be
solved by isolating sin¢ from 8:

¢

sing = (Rs + h) sind

—cos¢cot d cos(u — a), (22)

and thus (since cos¢ does not depend on the sign of ¢):

sgn¢:sgn(( £

SN E—— —a) . 2
Ret h)sind cos ¢ cot d cos(u a)) (23)

Thus, we have found ¢ and w—the latitude and longitude of the curve of central eclipse—in function of &, 7,
and ¢ which in turn are calculated from the solar and lunar ephemerides.

As an example, we will now calculate the position of the central eclipse for the 21 August 2017 eclipse at the
moment of greatest eclipse at sea level, 18:26 UT (rounded to the nearest minute, calculations can be done
with higher temporal precision if desired). This example will be calculated using the visible light solar disc,
without taking into account the extended corona. The solar and lunar ephemerides at this time are given in
Table 1. These ephemerides were obtained from the pyephep Python package, as described in section 3.
The rectangular coordinates for both objects are obtained by a simple coordinate transformation
(Vallado, 1997).

Using Equation 10 the distance between the Sun and Moon is found to be G = 1.50952-10° km. From
Equation 11it then follows that v = 378,871 km. Since v is larger than r+, the point P in Figure 1 is below
the fundamental plane, indicating a total eclipse. So far, the calculations are independent of the observer.
The rest of the calculation, however, do depend on the observers altitude h. In Table 2, the coordinates &,
7, ¢, as well as the longitude and latitude of the maximal eclipse are listed for observers at 0 km, 350 km,
and 1000 km above sea-level.

The longitude and latitude obtained at sea level agree with the values available in the literature (Espenak,
2014); compare also with the maps shown in Figure 2. As we will discuss further below, the paths at different
altitudes tend to be closest together around the time of maximal eclipse. Nevertheless, this example shows
that differences of several degrees in both longitude and latitude can be observed even in that case.
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Table 1

3. Implementation

Ephemerides of the Sun and Moon on 21 August 2017 at 18:26 UT

©

The method of calculating the path of central eclipse described in the pre-
vious section requires knowledge of the lunar and solar ephemerides.

D)

r [km]
a [hr]
5 [°]

x [km]
y [km]
z [km]

1.51324e+8 372,103 Calculating accurate and precise ephemerides is a complicated task, see,

10:04:04
11:51:43

10:04:32

121628 for instance, Nautical Almanac Office (1961) and Meeus (1985, 1998) for

some details. Several well-established software libraries for this are how-

—1.2955¢+8 —318,415 . i : ;
0.7176e+8 175,541 ever available for various programming languages. We have implemented

0.3111e+8 79,107 the calculations in Python, and the code used is available as supporting

Table 2

information to this paper. The freely available Python package pyephem

was used for this purpose. This package uses the XEphem routines, which
implement the semianalytic VSOP87 (Bretagnon & Francou, 1988) planetary theory to calculate the ephe-
merides of the Sun and Moon. While pyephem is now obsolete and one could use the latest version of
the astropy library instead, this is not required for our purposes.

In order to validate the results of our calculations, we compared the paths we obtained for various eclipses at
sea level with those given in the established Canon of Solar Eclipses made available by NASA (Espenak,
1987). In all cases we found very good agreement between the result of our sea-level calculations and the
paths given in the canon. One example can be seen in comparing the left-side panel of Figure 2 with the
sea-level curve shown in the top panel of Figure 10.

The first of the provided scripts, eclipsePathCalculator.py, defines the method
centralEclipse (t, height = 0),which returns the latitude and longitude of the central eclipse at time
t and altitude height. The other methods provided are subroutines called by the method to calculate the
central eclipse. At the beginning of the code a constant sunMultiplier is defined. This multiplier is
applied to the solar radius, which features in some of the calculations, as can be seen in the formulas in
section 2. Note that even though we are only calculating the path of central eclipse, the solar radius does still
play a role. Setting this constant to variables higher than 1 can be used to take into account the extended cor-
ona as a source of ionizing radiation. Examples of the paths calculated by this script can be seen below in
Figures 6 to 9.

The second script, called obscurationCalculator.py, can be used to calculate the percentage of the
solar disk obscured by the Moon, as seen by a specific observer at a given time. Using again the ephemerides
of the Sun and Moon provided by the pyephem package, calculating the obscuration is a straightforward
application of the circle-circle intersection formulas (Weisstein, 2020). The main method defined in this
scriptis obscurationProfile (begin, end, lat, lon, [z=0]), which returns a list of obscurations
in percentage for the period between begin and end, with a time resolution of 1 min (see the script itself for
more details). The same sunMultiplier constant is used in this script as well in order to calculate the
obscuration using an extended disk, as an approximation for taking into account the radiation of the corona.
Examples of the output of this script, including the effect of the sunMultiplier parameter, are shown in
Figure 12below.

4. The American Eclipse of 2017

Figure 2 shows the map of the solar eclipse path at sea level. The eclipse started over the Pacific Ocean, with
the first external contact of the penumbra at 15:46:52 UT. The path of totality then crossed the entirety of
North America, entering from the North West (U.S. Oregon) to the
South East (U.S. South Carolina) before ending over the Atlantic Ocean

Coordinates of Central Eclipse for Different Observer Altitudes on 21 August  With the final contact of the penumbra at 21:04:24 UT. The greatest eclipse

2017 at 18:26 UT

occurred at 18:25:32 UT at a location with coordinates of 36.67°N,

o i 350 km 1000 km  272-33°E, where the path width was 114.7 km.
£ [km] 734 734 734 Figure 3 shows the differences in the three key eclipse characteristics—
7 [km] 2,687 2,687 2,687 the zenith angle, obscuration, and time of the maximal eclipse—at two
¢ [km] 5,738 6,125 6,832 different altitudes, at sea level (about 0 km) and at the mean ionospheric
Latitude [°] 36.67 35.30 33.14 level (about 300 km), plotted in the same manner it was done by Stankov
Longitude [°] 272.50 271.92 271.08

et al. (2017). In the figure, the values at the ionospheric height (denoted
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Figure 2. Eclipse geometry at sea level. (a) Schematic (credit: NASA) of the solar eclipse on 21 August 2017 at the Earth's surface. The path of the total solar
eclipse is denoted by the strip bounded by dark blue curves, while paths of the partial (0.80, 0.60, 0.40, and 0.20 magnitude) eclipse are plotted with light blue
curves. The progression of the greatest eclipse is marked by green curves with time stamps (UT). (b) Times of the maximum eclipse (solid red lines) and
maximum obscuration levels (dotted blue lines) over North America. (c) Azimuth (solid red lines) and zenith angle (dotted blue lines) at the

maximum eclipse over North America. Note: Cylindrical equidistant mapping is applied in (b) and (c).

with solid curves) are compared with the values at the sea level (denoted with dashed curves). The observed
changes in geometry, going from sea level to ionospheric height, are highlighted by using red arrows.
Clearly, all three parameters appear on the map differently at different altitudes. The isocurves (i.e., the
curves of constant parameter values) at higher altitudes are at new places and their shapes are slightly
different. With regard to the zenith angle (top panel), the isocurves appear as concentric semioval curves
centered on the subsolar point. Obviously, the difference between the zenith angle at ground and
ionospheric levels increases away from the subsolar point and can be as large as 5° (at 50-60°N). It has
been shown already (e.g., Stankov et al., 2017) that a smaller zenith angle of the umbra causes a larger
depletion in the total ionization.

Concerning the obscuration (middle panel), the altitudinal difference between the isocurves of the same
obscuration level increases away from the subsolar point, in northeast direction. While the difference at
lower latitudes is negligible, the change in the north (50-60°N) is about 3 to 4°. The observed altitudinal
changes are more or less uniform along the isolines. Also, these changes do not depend on the obscuration
levels. However, higher obscuration levels at ionospheric altitudes cause larger depletions in the ionization
levels. The time of the maximum eclipse (bottom panel) also changes with altitude. The differences in the
times at sea level and at higher altitudes change in the course of the eclipse. In the initial phase of the eclipse,
due to the Sun's elevation and azimuth, the maximum eclipse in the west appear on the ground before the
maximum in the ionosphere. As the eclipse event progresses, the difference becomes smaller and smaller
and at around the time of the maximum eclipse the difference disappears completely (i.e., the eclipse occurs
at the same time at different altitudes along the corresponding isoline). Afterward, the maximum eclipse on
the ground lags the maximum at ionospheric heights, and this lag is increasing progressively in the later
phases of the eclipse.
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Figure 3. Differences in eclipse geometry (Earth's curvature ignored) at ground level (dashed curves) and ionospheric height of 300 km (solid curves): zenith angle
(a), obscuration (b), and time (c) at the eclipse maximum. The changes in geometry, going from sea level to ionospheric height, are highlighted by (red) arrows.
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Figure 4 presents the effects of the eclipse on the regional ionosphere via maps of the key ionospheric char-
acteristic, the TEC. The left column contains maps from the reference day, 16 August 2017, while the corre-
sponding maps from the eclipse day, 21 August 2017, are given in the middle column. To facilitate the
analysis of the eclipse effects, maps have been produced of the TEC relative difference:

TECeq — TEC,
TECrg = —— e, 4
TE Cref
calculated at each grid point from the corresponding TEC values on the eclipse day (TECe.) and the refer-
ence day (TECef). The resulting difference maps, given as relative percentage deviation, are displayed in
the right column.

The TEC maps from the reference day show the regular morning TEC increase appearing first in the south-
east (SE) corner and progressing steadily toward the west (W). The corresponding TEC maps from the
eclipse day shows a similar pattern. However, a pronounced decrease starts developing in the northwest cor-
ner (along the total eclipse path) around 17:00 UT, which expands later in SE direction. The effect is clearly
seen on the difference maps. The first map (16:00 UT), based on data collected shortly after the nominal start
of the eclipse at sea level, shows that above the territory of the United States the eclipse day TEC is lower
than the reference day TEC by 5-10%. The opposite is observed in the SE (i.e., the sunward direction) where
the relative difference increases by up to 10-20%. On the following map, at 17:00 UT, the abovementioned
area of negative difference (depression) is shown significantly expanded in the SE direction at the expense
of the positive difference area. In the following hour the depression area widened further and several patches
of negative values exceeding 25%, appear in the NW as well as in the NE and SE, that is, on both sides of the
totality path. At that time (18:00 UT) the Moon shadow has already reached the 100°W meridian and was
heading toward the area of the maximum eclipse on the east coast of the continent. The next map at
19:00 UT shows two distinct patches formed, one on each side of the totality path, where the minimum
values reach 40-45% below the reference values. In the next couple of hours, these two patches eventually
merge into one larger patch in the SE which, at 21:00 UT, have minimum values of 45-50% below the refer-
ence values in this area. At the same time, the ionosphere has already recovered in the NW part of the con-
tinent. The depression persisted, although to a smaller extent and magnitude, for another hour or so. In fact,
the last map (at 23:00 UT) indicates that the ionosphere in the SE might not have recovered completely even
by the early hours of the next day.

The TEC difference maps showed that different locations experienced different levels of electron density
depletion and that the depletion occurred at different times. First, to establish what the maximum depletion
of TEC was and where it occurred, all TEC,,; maps within the time interval from 17:00 UT to 23:00 UT were
processed and the minimum TEC, value picked up for each grid point. The resulting map, Figure 5a, shows
that the maximum depletion was more than 15-20% almost everywhere in the covered area. A strip of stron-
ger depletion, 25-35%, stretches from NW to SE along the totality path. Toward the east coast, the strip
widens substantially and the depletion become much stronger. The strongest depletion, of more than 50%,
was recorded in the SE, east of the Caribbean Sea. Interestingly, the maximum depletion was reached on
a patch where the maximum obscuration was about 70-90% rather than in the area of complete obscuration.
Note that the map of the maximum depletion shows the absolute minimum at each grid point irrespective of
the exact time at which it occurred. To find out when the maximum depletion occurred with respect to the
maximum eclipse at each location, at each grid point we subtracted the time of the maximum eclipse from
the time of the maximum TEC,, depletion. The resulting map is shown in Figure 5b, where positive values
indicate delays. In the band where the obscuration was above 50%, the delay was mostly in the range of
30-60 min, but in some areas it exceeded 120 min. Even larger delays (in excess of 300 min) were observed
in the SW which is difficult to explain if the TEC maps were accurate. Also difficult to explain are the nega-
tive values in the northeast part of the map, meaning that the maximum depletion was observed ahead of the
time of the maximum obscuration.

5. Solar Eclipses up to 2025

In Figures 6 and 7, the paths of central eclipse are shown calculated for all central eclipses between 2019 and
2025 at various altitudes. The path at the ground level is shown in black color, while the colored curves show
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curves).

the paths at 100, 350, 500, and 1,000 km altitude. Note that while all maps in Figures 6 and 7 are produced
using the same equirectangular projection, the scales are very different between them. In some cases, for
instance, the eclipses in October 2022 over Russia or in March 2025 over Canada and Greenland, the eclipse
does not reach totality at sea level but does so at higher altitudes. In these cases the altitudes where there is
no central eclipse are not shown. The eclipse on 29 March 2025 is somewhat peculiar in this regard.
Although this is a partial eclipse at sea level—and is identified as such, with a magnitude of 0.855, in the
existing catalogs such as Espenak (2014)—even down to a typical ionospheric peak height of 350 km, a total
eclipse takes place.
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Figure 6. Central paths for solar eclipses from 2019 to 2022 at various altitudes. All maps are made using equirectangular projection. The black line shows the
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Figure 7. Continuation of Figure 6, showing the path of central eclipse for solar eclipses from 2023 to 2025. See the caption to Figure 6 for explanation.

Several systematic effects can be observed in the height dependency of the central eclipse paths. In Figure 1,
a situation with the Sun in zenith is shown, resulting in a right angle between the center of the shadow cone
and the surface. When the sun is at a lower elevation, the cent er of the shadow cone will arrive at a smaller
angle. This will result in the path of the central eclipse at sea level being farthest away from the line between
the centers of the Earth and the Sun, and paths at higher altitudes being progressively closer to this line—see
also Stankov et al. (2017). Usually, this means that a path at higher altitude is closer to the equator than a
path at a lower altitude. Exceptions arise when the path of an eclipse crosses the equator. Some examples
of this are the eclipses on 26 December 2019 and 2 February 2024. In the case of the December 2019 eclipse,
it can also be noted that the central path at sea level does not cross over into the Southern Hemisphere, but
the one at 1,000 km altitude does. The position of the Earth-Sun line depends of course on the season.

It is also evident from the maps in Figures 6 and 7, and understandable when considering the geometry, that
the separation between paths at various altitudes is generally larger in the polar regions than at lower lati-
tudes. On the maps for the eclipses of 10 June and 4 December 2021, occurring, respectively, over the
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Figure 8. Plot of the longitude of the central eclipse as a function of time for the events between 2019 and 2022. The same colors are used as in Figures 6 and 7:
The black line shows the path at ground level, red at 100 km, orange at 350 km, green at 500 km and blue at 1,000 km. The different shape of the curves

for the events in 2021 are due to these eclipses occurring over the polar region. The longitudes of central eclipse at some fixed time changes sign with

altitude; see also the corresponding maps in Figure 6.
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Figure 9. Continuation of Figure 8, showing the path of central eclipse for solar eclipses from 2023 to 2025. See the caption to Figure 8 for explanation.

Arctic and Antarctic regions, separations of up to 40° in latitude between the paths at sea level and at 1,000
km altitude can be observed. Note that the paths at high latitudes look somewhat distorted due to the
equirectangular projection used in the maps. The appearance of the central eclipse paths at different
altitudes in different longitude sectors that can be seen for both 2021 eclipses is due to tilt of the axis of
the Earth compared to the ecliptic plane. In a polar projection the different paths would appear next to
each other, similar to the pattern seen for eclipses at lower latitudes.

In Figures 8 and 9, the time evolution of the longitude of the central eclipse is shown for the same events, at
the same range of altitudes. There are some peculiar cases, when the event happens over one of the poles or
for the eclipses where the umbra does not reach the surface of the Earth. For all other cases, however, the
time evolution looks very similar. The eclipse starts earlier and ends later at greater altitudes, as expected.
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Figure 10. The path of central eclipse for 21 August 2017 at different altitudes. The black curves shows the path at sea
level, the red one at 100 km, orange at 350 km, green at 500 km, and blue at 1,000 km altitude. The top panel shows the
geographical location of the central eclipse (map using equirectangular projection), while the bottom panel shows

the longitude of central eclipse as a function of time.

The difference in start and end time between 1,000 km height and sea level is always about 20 to 30 min.
Although the paths of the central eclipse remain geographically separated at all times, as is evident from
Figures 6 and 7, they do all coincide at one longitude at a certain time. This is the time and longitude
where the maximal eclipse occurs with the Sun at its zenith.

6. Discussion

In section 4, observations were presented showing that the depletions in TEC seen over North-America dur-
ing the 2017 total solar eclipse are shifted significantly, both in space and time, with respect to the central
path of the eclipse calculated at sea level. In the top panel of Figure 10 the path of the central eclipse is
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Figure 11. TEC depletion and paths of central eclipse for the 20 March 2015 solar eclipse over Europe. The top panel shows the maximal TEC depletion, similar to
the top panel of Figure 5 for the August 2017 event (after Stankov et al., 2017). The middle panel shows the paths of central eclipse at various altitudes from sea
level to 1,000 km. The bottom panel shows the longitude of central eclipse as a function of time, for the same altitudes.
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Figure 12. Visible light (dark and light green) and UV (purple and red) obscuration profiles, at sea level and 300 km
altitude, for the point of maximal eclipse (top panel) and the Millstone Hill observatory (bottom panel). Note that the
time scale is shifted by 30 min between the two panels.

shown at different altitudes. Comparing these paths to the TEC depletion shown in Figure 4 and the top
panel of Figure 5, it can be seen that the main TEC depletion coincides with the path of central eclipse at
altitudes of 500 to 1,000 km. This is to be expected, since this region of the ionosphere contains a
significant fraction of the TEC. The effect of the different time evolution of the eclipse at various altitudes
—shown in the bottom panel of Figure 10—is not clear. This is partially because the beginning and end
of the eclipse, where the time differences are the clearest, happened over regions with relatively fewer
measurements, or none at all. The maximal eclipse occurred over the continental USA, where a lot of
TEC data are available but the time differences are minimal. In addition, various processes in the
ionosphere itself can influence the timing of the maximal depletion, such as the effect of temperature
changes and transport processes. Such effects have been discussed extensively in the literature before, see,
for instance, Stankov et al. (2017), and references therein.

Even though the August 2017 eclipse occurred at relatively low latitudes, the separation between the central
paths at sea level and in the topside ionosphere is between 5 and 10°. It can be seen in Figures 6 and 7 that
this separation increases further for eclipses occurring at higher latitudes. Since the reaction of the
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ionosphere to an eclipse is mostly dependent on the eclipse path at altitudes between 500 and 1,000 km, this
shows the importance of taking into account the full three-dimensional geometry of the solar eclipse.

The top panel of Figure 11 presents the relative TEC depletion over Europe during the solar eclipse of 20
March 2015 (Stankov et al., 2017). The middle panel shows again the path of the central eclipse at heights
ranging from sea level to 1,000 km altitude. Similar to what was observed during the 2017 eclipse, the max-
imum TEC depletion does not appear on the path of totality at sea level but in a region experiencing only
70-80% obscuration. When analyzing the central path at 1,000 km altitude, however, it can be seen that
the path crosses precisely the region with the largest TEC depletion. For this eclipse, the final part of the
event was observable by the high density of GNSS receivers in Europe, and the time-delay shown in the bot-
tom panel of Figure 11 does match the observations described in Stankov et al. (2017). These observations are
therefore consistent with those from the 2017 eclipse in illustrating that the eclipse path in the topside iono-
sphere should be considered rather than the one at sea level.

Although the time differences are shown to be smallest around the maximal eclipse, some effects can still be
seen by looking at the evolution of obscuration at this location. The top panel of Figure 12 shows the evolu-
tion of the obscuration at the location of maximal eclipse for the August 2017 event. The green curves show
the obscuration of the visible light solar disk at ground level and at 300 km altitude, around the height of the
ionospheric F, peak. It can be seen that, while at ground level there is a period (calculated to last for 160.1 s)
of 100% obscuration, the eclipse at ionospheric altitude above this location is not total. The highest obscura-
tion reached is 98.9% at 18:25 UT. The purple curves represent the obscuration in the ultraviolet (UV),
assuming a homogeneous UV radiation source. As discussed already in section 1, there is no total eclipse
in the UV, and the highest obscuration at both altitudes is the same. However, it can be seen that the period
of maximal obscuration is slightly longer at sea-level. It is also evident in both the visible light and UV curves
that the onset and maximum eclipse happen slightly earlier at 300 km altitude. On the other hand, the
eclipse ends earlier at sea-level. Therefore, the total duration of the event is shorter on the ground than it
is in the ionosphere.

It is evident from Figures 8 and 9 that the differences in timing between the eclipse at sea level and at iono-
spheric altitudes is limited to about 30 min earlier or later. Some additional advance or delay can be
explained by considering the EUV emitting corona instead of the visible solar disk only. However, even this
combined effect is not sufficient to explain the observed delays as described, for instance, in Stankov et al.
(2017). The remaining effect must therefore be ascribed to the inertia and time scales of the inherent iono-
spheric recombination and transport processes.

7. Conclusions

In order to obtain a reliable interpretation of the effect of a solar eclipse on the ionosphere, it is important to
take into account the full, three-dimensional geometry of the event. Since the ionosphere is significantly
extended in the vertical direction, one should not rely solely on the knowledge of the eclipse path at sea-level.
We have shown for both the March 2015 and August 2017 eclipses that the differences between the eclipse
paths at various altitudes have an observable effect on the location of the maximal TEC depletion.

The geometry, including the variations with height, is highly variable from one eclipse to another. As we
have illustrated by showing the results for a series of recent and future eclipses, the degree to which the path
of an eclipse varies with altitude depends on the time the eclipse happens and the latitude at which it can be
observed. Differences in both the location and timing of the central eclipse tend to be greater at the begin-
ning and end of the event and are usually larger at higher latitudes. However, it is evident from
Figures 6-9 that there are significant differences between events and the geometry of each case has to be con-
sidered individually.

Finally, it is worth noting that some events are not visible as a total eclipse on the ground but may still cause
equally strong effects in the ionosphere. In some cases an eclipse can be observed as total in the visible light
only above a certain altitude. Since only altitudes around the peak of the ionospheric electron density are
important, such events can be considered total eclipses for the purpose of studying the ionospheric response.
It should also be kept in mind that the distinction between total, partial and annular eclipses is not that rele-
vant for ionospheric applications, because in the EUV part of the spectrum all eclipses are partial. Therefore,
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eclipses that are total in visible light only at higher altitudes are as important to consider for ionospheric
applications as those for which totality extends to sea level.
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