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Abstract

Herein, we report on the ionospheric responses to a total solar eclipse that occurred on 21 August 2017 over the US region. Ground-
based GPS total electron content (TEC) data along with ground-based measurements (Millstone Hill Observatory (MHO) and digital
ionosondes) and space-based measurements (COSMIC radio occultation (RO) technique) allowed us to identify eclipse-associated iono-
spheric responses. TEC data at ~20�, ~30�, and ~40�N latitudes from the west to east longitudes show not only considerable depression
but also wave-like characteristics in TEC both in the path of totality and away from it, exclusively on the day of eclipse. Interestingly, the
observed depressions are associated with lesser (higher) magnitudes at stations over which the solar obscuration percentage was meager
(significant), a clear indication of bow-wave-like features. The MHO observes a 30% reduction in F2-layer electron densities between 180
and 220 km on eclipse day. Ionosonde-scaled parameters over Boulder (40.4�N, 100�E) and Austin (30.4�N, 94.4�E) show a significant
decrease in critical frequencies while an altitude elevation is seen in the virtual heights of the F-layer only during the eclipse day and that
decreases are associated with wave-like signatures, which could be attributed to eclipse-generated waves. The estimated vertical electron
density profile from the COSMIC RO-based technique shows a maximum depletion of 40%. Relatively intense and moderate depths of
TEC depression, considerable reductions in the F2-layer electron densities measured by the MHO and COSMIC RO-measured densities
at the F2-layer peak, and elevations in virtual heights and reduction in the critical frequencies measured by ionosondes during the eclipse
day could be due to the eclipse-induced dynamical effects such as gravity waves (GWs) and their associated electro-dynamical effects
(modification of ionospheric electric fields due to GWs).
� 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Observations of eclipses (both solar and lunar) have
been creating interest among both the public and space sci-
entists since ancient times. The ancient Chinese and Baby-
lon had recorded the spectacular events of eclipse way back
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in 2500 BCE, as they believed that planting and harvesting
of crops, humans’ health, and successes of significant per-
sons were related to lunar and solar calendars
(Gerasopoulos et al., 2008). On the other hand, eclipse
observations provide an unprecedented opportunity for
space scientists in probing the Earth’s atmosphere to
understand fundamental physical processes that connect
the Sun, Moon, and the geospace system (Earth’s neutral
atmosphere and ionosphere).
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The Earth’s ionosphere is affected by several distur-
bances including solar flares, coronal mass ejections
(CMEs), geomagnetic storms, and solar eclipses. Among
these disturbances, ionospheric eclipse observations create
a definite contribution to study transient properties, which
can be attributed to the sudden decreases in ionizing radi-
ation from the Sun during solar epochs. Although earlier
researchers reported that the Earth’s atmosphere responds
to changes in solar illumination (Mitra, 1952 and refer-
ences therein), Chimonas (1970) and Chimonas and
Hines (1970) were the first researchers to report that a sud-
den cooling effect would act as a potential source of gravity
waves (GWs) that are capable to propagate up to even
thermospheric altitudes, when the source mechanism prop-
agates with supersonic speeds. The created GWs, eventu-
ally, build up as bow-waves (Liu et al., 2011). Liu et al.
(2011), in their research, had provided evidence on iono-
spheric bow-waves during the 22 July 2009 solar eclipse
by effectively applying an advanced analysis technique,
i.e., Hilbert Huang Transform (HHT, Huang et al.,
1998), on ionospheric TEC derived from ground-based
GPS receivers in Taiwan and Japan.

Fortunately, for the first time in 26 years, a complete
(total) solar eclipse occurred over the continental United
States (CONUS) on 21 August 2017, wherein a dense set
of ground-based ionospheric sensors were installed and
~4000 GPS receivers with millions of trans-ionospheric
lines of sight were available (Zhang et al., 2017; Cherniak
and Zekharenkova, 2018). This relatively dense coverage,
continuous, and unprecedented resolutions of GPS-based
observations would be an advantage when unique observa-
tional results are sought. As such, several research studies
have reported excellent results, for the first time, by virtue
of the availability of GPS-based observations. For exam-
Fig. 1. Locations of the IGS stations (red circles), DIDBASE ionosonde statio
totality, and green – partial). (For interpretation of the references to color in
ple, Huba and Drob (2017) reported the first simulation
prediction of the 21 August 2017 solar eclipse-associated
impact on the ionosphere/plasmasphere system using the
SAMI3 model. Later, Coster et al. (2017) critically ana-
lyzed GPS-based data to study the latitudinal and longitu-
dinal variations of TEC and the presence of traveling
ionospheric disturbances (TIDs) during the 21 August
2017 solar eclipse. With an intention to detect the 21
August 2017 solar eclipse-generated GWs (Chimonas and
Hines, 1970), GPS-derived TEC data along and across
the eclipse path have been analyzed by Nayak and Yigit
(2017), and they observed GWs with wave periods of
approximately ~20–90 min at all locations both in the path
of totality and away from it. Crystal clear ionospheric dis-
turbances as ionospheric bow-waves (which are similar to a
fast-moving riverboat) were detected by analyzing differen-
tial TEC data during the 21 August 2017 solar eclipse
(Zhang et al. 2017, see their Figs. 1 and 2). It may not be
an exaggeration that the 21 August 2017 eclipse event
had provided a unique opportunity for researchers world-
wide to identify eclipse-associated ionospheric disturbances
in the form of TIDs unambiguously, which could be due to
the availability of several ground-based GPS receivers.

This research considers multi-instrument databases gen-
erated out of various remote sensing instruments including
the Millstone Hill Incoherent Scatter Radar (ISR), COS-
MIC RO technique, Digisonde ionosonde radars, and
GPS TEC data to study ionospheric responses to the 21
August 2017 solar eclipse. The ensemble of a good number
of remote sensing instruments has allowed us to verify
ionospheric responses to the 21 August 2017 solar eclipse
unambiguously and, as an effect, important research results
are found. This research paper is organized as follows: Sec-
tion 2 discusses about the various databases that we used in
ns (magenta squares), and path of the solar eclipse (green – partial, red –
this figure legend, the reader is referred to the web version of this article.)



Fig. 2. Geomagnetic conditions during 20–22 Aug 2017 including SYM-H, Ap index, and Kp index.
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this study and the adopted methodology. In Section 3, we
present various observational results of various remote
sensing instruments including MHO, digital ionosondes,
COSMIC RO, and TEC measured using ground-based
GPS receivers. The discussion part is presented in Section 4,
followed by the conclusion in Section 5.

2. Database and methodology

Electron density profiles (Ne(h)) retrieved by the COS-
MIC RO satellites are critically evaluated to verify the 21
August 2017 solar eclipse effects on the ionosphere, for
which all the satellite lines of sight around the time of
eclipse totality have been considered. A constellation of
six low earth orbiting (LEO) micro-satellites, named as
COSMIC (Constellation Observing System for Meteorol-
ogy, Ionosphere, and Climate), were deployed at 512 km
on 15 April 2006; they later dispersed to an 800 km altitude
(Cheng et al., 2006) to receive radio signals from Global
Positioning System (GPS) using the RO technique
(Kursinski et al., 1997). The COSMIC RO, a space-based
method, has been proved to be one of the effective and
accurate methods in providing lower (Brahmanandam
et al., 2010; Anthes, 2011) and ionospheric (Potula et al.,
2011; Brahmanandam et al., 2011; Brahmanandam et al.,
2012; Uma et al., 2016; Uma et al., 2019) data products
including temperature, water vapor, relative humidity,
and ionospheric electron density with unprecedented reso-
lutions. In this study, we used post-processed Ne(h) (data
product name – ‘‘ionPrf”) that were collected from the
CDAAC (COSMIC Data Analysis and Archive Center)
website, www.cdaac.cosmic.ucar.edu. Electron density pro-
files, Ne(h) probed by the Millstone Hill ISR, which oper-
ates with a zenith-directed 68 m fixed parabolic antenna
and a fully steerable 46 m antenna (Holt et al., 2002), are
considered in this study. The Millstone Hill ISR data were
archived from the Madrigal online database system (http://
www.openmadrigal.org) hosted by MHO. To study the
changes caused by the solar eclipse in the E- and F-
regions near to the eclipse path, ionospheric parameters
recorded by two Digisonde ionospheric sounders are uti-
lized, which are located at Boulder (40.0� N, 105.3� W)
and Austin (30.4� N, 97.7� W). Further, GPS receivers-
measured ionospheric TEC is used to monitor the iono-
spheric variations induced by the solar eclipse. It was
reported by Zhang et al. (2017) that more than 2000 GPS
receivers were deployed over the CONUS to monitor
TEC variations induced by the 2017 solar eclipse. Fig. 1
shows the path (including central, north, and south) of
the 21 August 2017 solar eclipse and various ground-
based instruments used in the present study (see figure
for more clarity). The magnetic activity level, as shown in
Fig. 2, on 21 August 2017 was rather quiet, with Kp values
lying below 3 during most of the time. Fig. 1 also shows the
respective SYM-H and Ap-index values.

3. Results

3.1. COSMIC RO-based measurements

Fig. 3a shows two COSMIC RO-retrieved typical elec-
tron density profiles (Ne(h)) at approximately 2100 UT
during the eclipse day, i.e., 21 August 2017 (a thick blue
line and its smoothed curve is shown as a thick red line)
as well as during the non-eclipse day, i.e., 20 August
2017, which is considered as background Ne(h) (a thick
black line), and Fig. 3b shows the percentage reduction
in electron density. Note that the COSMIC satellites’ hor-
izontal projections (black and blue inclined lines), the
eclipse path (northern, central, and southern limits
included), and the geographical location of the MHO (a
red dot) are shown in the inset figure (see, Fig. 3a). It has
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http://www.openmadrigal.org
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Fig. 3. (a) Variation in electron density profiles (Ne(h)) retrieved by the COSMIC RO satellites over the US region for the eclipse day (21 August 2017)
and back ground Ne(h) during a non-eclipse day (20 August 2017). The smoothed electron density profile on the eclipse day is also shown, and (b) the
percentage reduction in electron density as compared to the smoothed electron density profile is presented. The COSMIC satellites’ horizontal projections
(black and blue continuous lines) are shown in the inset Fig (see the topside right space in panel ‘‘a”) during 20 and 21 August 2017 along with the path of
solar eclipse and the geographical location of Millstone Hill Observatory (MHO). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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been well documented that the retrieval errors of the elec-
tron densities using GPS RO techniques at the bottom of
the ionosphere at mid and low latitudes may be as large
as 100% or more, while those in the main F region around
peak height and above are in general less than 10–20%
(e.g., Chu et al., 2009; Wu et al., 2015). Therefore, the
extraordinarily high electron densities below approxi-
mately 200 km presented in Fig. 3a were very likely domi-
nated by the COSMIC RO retrieval errors and became
unreliable. Fig. 3b shows the reduction in electron density
that started from ~220 km onwards and continued up to
800 km altitude range, but a maximum reduction (more
than 40%) is observed near to the F-region altitudes, i.e.,
between 240 km and 420 km with a peak (~57%) at
297 km. This maximum reduction indicates that the con-
centration of particles is affected heavily by the obscurity,
which is in the crucial region of the ionosphere, i.e., the
ionospheric F-region, and the peak corresponds to approx-
imately 350 km altitude (Rishbeth and Garriott, 1969).

3.2. Millstone hill observatory (MHO) incoherent scatter

radar (ISR) measurements

Ionosphere response over MHO (42. 61� N, 71. 49� W),
Westford (a mid-latitude station in the USA), to the 21
August 2017 solar eclipse is also presented in the following
lines, and the present eclipse track caused the MHO site to
experience a near-70% magnitude partial eclipse (Zhang
et al., 2017). Fig. 4 presents electron densities (Ne), wherein
the top, middle, and bottom panels show Ne during 21
August (the eclipse day) and 22 August (a control day)
along with deviations of Ne between 21 August and 22
August 2019. Note that the start, peak, and end timings
of eclipse obscuration over MHO are marked onto the plot
with dotted, continuous, and dotted lines, respectively, and
these timings are found to be 1724 UT, 1842 UT, and 1954
UT, respectively. A striking feature noted from these fig-
ures is that a valley-like deep reduction is found in electron
densities (approximately 30%) between the 180 km and
220 km altitude range between 1800 and 1930 UT on 21
August, while no such valleys were found on 22 August.
Further, a keen observation of the top panel of Fig. 4
reveals that a moderate reduction (~20%) in Ne appeared
above ~280 km that started from approximately 1100 UT
onwards (before the eclipse start time) and continued until
approximately 2030 UT. Interestingly, the lower F-region
(ionosphere between 180 and 220 km altitude range) recov-
ered from the reduction in Ne by 1930 UT, whereas it took
approximately one hour additionally for the upper F
region to recover from the reduction. The slow response
of the upper F region as compared to that in the lower F
region to the solar eclipse events could be attributed to
the longer recombination times of electrons, and further,
the eclipse-induced effects would be controlled by the trans-
port of the plasma. With regard to the deviations of elec-
tron density profile (Ne(h)), as shown in the bottom
panel of Fig. 4, it is very clear that a strong depletion in
electron densities occurs between 200 km and 280 km,



Fig. 4. Temporal vs. altitudinal variations in electron density (in logarithmic scale) profiles probed by the Millstone Hill ISR during 21 August (top panel)
and 22 August 2017 (middle panel) and also shown deviations of electron densities (21–22 Aug. 2019) in the bottom panel. The start, maximum, and end
times of the eclipse are shown with dotted, continuous, and dotted lines in the figures.
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and the maximum depletion at approximately 240 km is
seen approximately between 1840 and 1845 UT during
which the maximum eclipse obscuration occurred over
Millstone Hill radar. This strong depletion in Ne(h) could
be due to the eclipse-associated effects (Evans, 1965a,
1965b; Salah et al., 1986; Pitout et al., 2008). For instance,
Evans (1965a, 1965b) reported the responses of various
ionospheric parameters including electron density (Ne),
electron temperature (Te), and ion temperature (Ti) over
the Millstone Hill Observatory for the 23 July 1963 solar
eclipse, and it was observed that although a considerable
decrease in Te and Ti occurred, Te show a sudden
drop. Another eclipse occurred over this station on 30
May 1984 during which a 60% reduction in electron
density was found between the 130 and 250 km altitude
range (Salah et al., 1986). Recently, Pitout et al. (2008)
observed depletion in electron density (10%) in the lower
F region of the ionosphere over Svalbard (78.2�N, 15.5�
E) ISR site, Norway in response to the 1 August 2008 solar
eclipse.
3.3. Digital ionosonde measurements over Boulder and

Austin

Concerning the effects of the solar eclipse on the E- and
F-regions, ionospheric parameters including fmin (lowest
frequency at which an o-mode echo is observed on the iono-
gram), foE (critical frequency of the E-layer), foF2 (critical
frequency of the F2-layer), and h’E (virtual height of the
E-layer), h’F (base height of the F-region), and h’F2 (virtual
height of the F2-layer) are chosen. Figs. 5 and 6 show the
diurnal variations (both in universal time (UT) and local
time (LT)) of various ionospheric parameters over Boulder
(40.0�N, 105.3�W) and Austin (30.7�N, 97.7�W), wherein
the start, peak, and end timings of the solar eclipse are
marked with dotted and continuous lines. Also shown are
the 15 quite day averages during pre (post) eclipse epoch
in blue (green) along with the eclipse day values (red). Note
that the ionospheric parameters presented in this study were
manually scaled so carefully from individual ionograms and
their time resolution was 15 min. In general, a relatively
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Fig. 5. Diurnal variations in ionosphere parameters including h’E, h’F, and h’F2 in km and fmin, foE, and foF2 in MHz over Boulder (40.0� N, 105.3� W),
in which a fifteen-day average (blue line) before the eclipse day and post-eclipse (green line) is also shown along with eclipse day (red line) values. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Diurnal variations in ionosphere parameters including h’E, h’F, and h’F2 in km and fmin, foE, and foF2 in MHz over Austin (34. 4�N, 97.7�W), in
which a fifteen-day average (blue line) before the eclipse day and post-eclipse (green line) is also shown along with eclipse day (red line) values. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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high sampling time would be preferred for events like solar
eclipse (Verhulst et al., 2016). In this context, the usage of
the relatively lower sampling rate of ionograms may not
reveal finer structures of wave-like signatures observed in
various ionospheric parameters, particularly of traveling
ionospheric disturbances (TIDs). Nevertheless, as the char-
acteristic features of TIDs vary between 10 and 30 min
(Stankov et al., 2017), the present study is still capable of
unraveling TID signatures.

It is obvious from the bottom panel of Fig. 5 that no sig-
nificant deviations in pre- and post-eclipse day values are
noticed in h’E (the virtual height of the ionospheric E-
layer), but h’E values during the solar eclipse day showa sud-
den increase in the beginning of the solar eclipse, i.e., from
1620 UT onwards, and there was a sudden decrease in h’E
values during solar eclipse epoch, followed by an increase
in h’E once again. This regular increasing, decreasing, and
increasing trends of h’E might be possibly due to GWs pro-
duced at the lower altitudes due to the present solar eclipse.
Further, the quick response of h’E values, particularly on
solar eclipse day, is a quite interesting and understandable
aspect. As the lower ionosphere (~below 180 km) reacts
immediately to the solar disc obscuration (Jakowski et al.,
2008), it may conclude here that the wave-like nature of
h’E can be attributed to the solar eclipse-induced effects.
On the other hand, it is quite clear from the middle panel
of Fig. 5 that h’F on the eclipse day increased to higher val-
ues by ~50 km immediately after the onset of eclipse (~1702
UT) and that trend continued for approximately 30 min.
Beyond that, there was a sudden drop in eclipse day values,
and later, these values were somewhat comparable with
average values. The h’F2 values, as can be seen in Fig. 5c,
showed higher magnitudes starting from just past eclipse
peak timings (1800 UT) and seemed to reach a higher alti-
tude (~500 km) by 1948 UT. As expected, the higher altitude
zone between 1800 UT and 1948 UT had been associated
with strong spread-F (Sp-F) activity, which is marked as a
double-arrow symbol in the figure (red color arrow). A time
delay exists between the responses of h’F and h’F2 to this
solar eclipse, which can be attributed to different dynamics
and photochemistry that exist at the respective altitudes.
More clearly, the bottomside ionosphere is primarily con-
trolled by the local solar radiation, while the ionosphere at
peak altitudes (h’F2) and further above (topside ionosphere)
is rather influenced by processes of the plasma redistribution
(Cheng et al., 1992). On the other hand, a definite reduction
in plasma frequencies on the eclipse day is seen that is pre-
sented on the right side of Fig. 5. More clearly, a moderate
decrease in the critical frequencies of E- and F2-layers and
fmin was started without any delay (between the time of
maximumobscuration and the time ofmaximum reduction),
and these decreases were found to be approximately 30%,
40%, and 21%, respectively.As the amount of solar radiation
incident on the ionosphere decreases, the ionospheric ioniza-
tion also decreases, which causes a decrease in electron den-
sity, and hence, foF2 decreases. The measured peak plasma
frequencies in the F2 layer (foF2) were near 4.0 +/�
0.5 MHz, with the height of F2 layer peak, hmF2, ranging
between 196 kmand 244 km.According to the INAG (Iono-
sonde Network Advisory Group) newsletter on the 2017
solar eclipse effect, the maximum plasma frequency of the
F2 layer (foF2) was reduced up to 30%, and its corresponding
height, hmF2, dropped by ~100 km.

The diurnal variations (both in UT and in LT) of vari-
ous ionospheric parameters over Austin (30.7� N, 97.7�
W) as shown in Fig. 6 are showing few differences as com-
pared to the scenario over Boulder. Importantly, a wave-
like nature persistently appeared in h’E before the start
time and continued beyond the end time of the eclipse. It
is worth mentioning here that Boulder (Austin) experi-
enced a 93% (65.2%) solar obstruction during the peak of
the eclipse, which means the overlying ionosphere over
Boulder had responded more quickly than that over Aus-
tin. Further, a similar wave-like behavior appeared in h’F
and h’F2 during the start, peak, and end times of the
eclipse, and these wave-like oscillations maintained very
near similitude with the oscillations that occurred in the
ionospheric E-layer. It is well known that the lower iono-
sphere (~below 180 km) reacts immediately to the solar disc
obscuration, whereas the electron densities of the iono-
sphere above 180 km decrease with a delay of approxi-
mately 30 min (Jakowski et al., 2008). Nevertheless, no
such delay has been seen in h’F and h’F2, which is in con-
trast with the Jakowski et al. (2008) research results. On the
other hand, a definite reduction in fmin, foE, and foF2 is
seen (see, right panel of Fig. 6), although a few differences
could be seen in various places in foF2. Moderate to lower
decreases are observed in fmin and the critical frequencies
of F2-layer and E-layer, which are 40%, 33%, and 36%,
respectively. These sudden and deep depressions could be
most possibly due to the eclipse-associated effects.

A few important studies carried out in European coun-
tries with similar observational results have also appeared
in the literature. For instance, a moderate increase
(decrease) in plasma frequencies (virtual heights) is also
observed over Belgium (50.1� N, 4.6� E) during a partial
solar eclipse that occurred on 20 March 2015 (Verhulst
et al., 2016). By properly utilizing high-resolution Digi-
sonde radar apart from ionospheric tilt and drift measure-
ments, Verhulst et al. (2016) surmised that a bow-wave-like
disturbance generated in the neutral atmosphere due to the
shadow of the moon and that bow-wave could be a possi-
ble source of wave-like characteristics in the overlying
ionosphere. Similarly, a high-quality multi-instrument
study carried out in Belgium and European regions to
understand the response of the overlying ionosphere to
the 20 March 2015 solar eclipse by Stankov et al. (2017)
revealed that TID signatures were found in electron density
depletions with periodicities of approximately 10–15 min.

3.4. GPS-based TEC measurements

The diurnal variations of TEC, presented in TEC units
(one TECU = 1016 el/m2), in longitude sectors spanning



G. Uma et al. / Advances in Space Research 65 (2020) 74–85 81
from ~120� W to ~60� W at various latitudes allowed us to
evaluate the ionospheric response to the solar eclipse.
Figs. 7a–7c show the diurnal variations of TEC at ~20�,
~30�, and ~40� latitudes, in which blue, green, and red lines
represent TEC variations during pre-eclipse (20 August),
post-eclipse (22 August), and the eclipse day (21 August),
respectively. The open circle on each station TEC data
denotes the time of the maximum eclipse for that location,
and the percentage of obscuration of the eclipse over the
particular station on individual plots is shown.

To verify whether wave-like signatures present or not in
TEC triggered by the eclipse-associated effects, we plotted
the diurnal variations of TEC at different sectors from
the west to east longitudes at various latitudes. The impor-
tant observations from these stacked-diagrams shown in
Figs. 7a–7c are as follows: (i) The diurnal variations of
TEC during the eclipse day showed a continuous decrease
from ~1600 UT onwards, and this decrease intensified by
approximately 1700 UT to reach as minimum as approxi-
mately 6–8 TECU at the majority of the stations. (ii)
TEC variations during pre- and post-eclipse days had
shown ~10–12 TECU, which quantitatively shows that
the TEC values during the eclipse day (21 August) were
only approximately ~40–45% of pre- and post-eclipse day
values. (iii) The recovery of TEC values on the eclipse
day started by approximately 2200 UT. And (iv) Most
importantly, a deep valley in TEC has a wave-like nature
during the eclipse day moving steadily almost with the pro-
gress of time from the west to east longitudes, and the
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Fig. 7a. GPS measurements in TEC
amplitude of such valley is found to have increased at sta-
tions with a maximum obscuration percentage and shows
decreasing trends at stations with minimum obscuration
percentage. It may be understood from these valley obser-
vations that the magnitude and wave-like nature decrease
irrespective of whether the station is located above or
below the station with maximum obscuration, which is
clear evidence of the presence of a bow-wave in TEC. As
expected, no such features are observed during 20 (pre-
eclipse) and 22 (post-eclipse) August 2017, which implies
that the overlying ionosphere on the eclipse day (21
August) was affected by the eclipse.

4. Discussion

Regular ionospheric effects of solar eclipses are fairly
well understood since a long time (for example, see
Evans, 1965a, 1965b; Brahmanandam et al., 2013). Fur-
ther, eclipse-associated ionospheric effects in terms of
changes in electron density in various layers of the iono-
sphere over the low- and mid-latitudes have been well char-
acterized (Jakowski et al, 2008, and references therein).
Indeed, concrete experimental evidence on the generation
of GWs and their consequent effects on the overlying iono-
sphere is not yet fully explored over the larger area, primar-
ily due to the lack of a dense and high sampled database.
Nevertheless, the present eclipse has provided an excellent
opportunity for researchers to observe the generation of
GWs over a large area (see the research findings of
21-08-2017 22-08-2017

2 14 16 18 20 22 24
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Fig. 7b. The same as Fig. 7a but at ~30� on 21 August 2017.

Fig. 7c. The same as Fig. 7a but at ~40� on 21 August 2017.
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Zhang et al., 2017; Coster et al., 2017; Nayak and Yigit,
2017; Cherniak and Zekharenkova, 2018) in the USA,
where a good number of GPS-based TEC measurements
are available.
With regard to the generation mechanism of GWs dur-
ing eclipse epochs, at the outset, Chimonas and Hines
(1970) propose that a solar eclipse can act as a potential
source of internal GWs in the ionosphere, which followed
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the observational evidence of Davis and da Rosa (1970).
Research findings of both Chimonas and Hines (1970)
and Davis and da Rosa (1970) reported wave-like features
in columnar electron content data. Apart from the above,
modeling studies have been carried out to predict eclipse-
generated GWs in the ionosphere. For example, Fritts
and Luo (1993) envisioned that the reduced ozone heating
during a solar eclipse generates waves with dominant peri-
ods and characteristics in the horizontal and vertical scales
of 5000–10,000 km and 200 km, respectively, which can,
further, propagate into the upper atmosphere and thermo-
sphere. Müller-Wodarg et al. (1998) modeled in situ
eclipse-generated effects in the thermosphere-ionosphere
system using the coupled thermosphere/ionosphere plas-
masphere model, and their results showed that fluctuations
in electron densities propagate as waves, with decreasing
amplitudes away (outward) from the path of totality. Sim-
ilar to the above findings, in the present study, we observed
wave-like features of TEC that diminish away from the
eclipse path (bow-wave-like signature). Only a few studies
have reported on GWs in TEC data triggered by eclipse-
associated effects. Jakowski et al. (2008) were the first to
report on ionospheric response over Europe for an annual
solar eclipse that occurred on 03 October 2005. No wave
activity was observed in TEC, but ionosonde and Doppler
measurements showed clear-cut wave activity. A study con-
ducted by Kumar et al. (2016) at the equatorial ionization
anomaly (EIA) region, i.e., Allahabad (Lat. 25.4� N, Lon.
81.9� E, dip 38.6� N), using GPS-TEC data during a total
solar eclipse revealed the presence of GWs with periodici-
ties of approximately 20–45 and 70–90 min at the iono-
spheric altitudes. As the Kumar et al. (2016) study was
restricted to a single station, it was impossible to expect a
bow-wave-like response at the ionospheric altitudes. Nev-
ertheless, outstanding results were reported by the Liu
et al. (2011) research regarding bow-waves in TEC data
in response to a solar eclipse that occurred on 22 July
2009 over the East Asian region, albeit the periodicities
were found to be 3–5 min only. Very recently, Verhulst
and Stankov (2018) reported a bow-wave-like signature
in plasma drift over Europe in response to the 21 August
2017 solar eclipse. It is worth mentioning here that the
Verhulst and Stankov (2018) research presented observa-
tions from the fringe of the eclipse, whereas our research
presented data from the center of the path of totality,
but, interestingly, that wave-like nature could still be
observed in both these studies.

Concerning our research, we applied a fast Fourier
transform (FFT) analysis on TEC data recorded at various
individual locations during the eclipse day (not shown
here), and we found that periodicities of approximately
55–65 min could be seen, attributed to the GWs. The
observed GWs show great similitude with the earliest
researchers’ results presented on this eclipse (see, for exam-
ple, Nayak and Yigit, 2017). The research findings of
Nayak and Yigit, 2017 showed dominant GWs generated
during this solar eclipse event, observed between ~20 and
~90 min, but Nayak and Yigit (2017) used the Hilbert-
Huang Transform (HHT, Huang et al., 1998) technique
to present various waves associated with this solar eclipse
event.

It is highly, therefore, worth mentioning here that solar
eclipses do provide an excellent opportunity to better delin-
eate the process of creation and dissipation of GWs in the
ionosphere. Although the generation of GWs during a
solar eclipse event could be attributed to sharp temporally
well-defined changes of solar flux, the dissipation of GWs
in the ionosphere depends on thermal conduction and ion
drag and others (Yiğit et al., 2009). During an eclipse
epoch, the usual processes of production and ionospheric
loss are disturbed locally for a brief period (Van Zandt
et al., 1960; West et al., 2008). However, during the de-
obscuration time, the increasing solar flux starts ionization
processes and warms the atmosphere again to daytime
level. Such changes in the ionization cause variation in
the reflection heights, decrease/increase in electron concen-
tration at all ionospheric heights, decrease/increase in the
total electron content, increase/fall in the layer height,
and such features are also reported in the present study.

As the presence of GWs is evident during this eclipse
event (Nayak and Yigit, 2017; Zhang et al., 2017), a few
questions will immediately pop-up in mind that in what
way the generated GWs can impact electric fields in the
overlying ionosphere? In this context, various earlier stud-
ies have shown theoretically and experimentally that GW-
associated neutral wind could generate a polarization elec-
tric field in the ionospheric E-layer owing to differential
collisions between neutral-ion and neutral-electron pairs
in the E-layer (Gelinas et al., 2002; Chu et al., 2010a,
Chu 2010b). Particularly, Chu et al. (2010a), (2010b)
showed schematically how a polarization electric field
could generate plasma structure by a gravity-wave-
induced neutral wind. According to Chu et al. (2010a),
(2010b), a wave-induced polarization electric field gives rise
to the drift of ions and electrons in the sporadic-E layer
(Es-layer) through the E � B drifts. Regarding the electric
field mapping between the E and F regions of the iono-
sphere, various earlier studies have provided significant evi-
dence on that aspect (for example, Tsunoda and Cosgrove,
2001; Haldoupis et al., 2003; Shalimov and Haldoupis,
2005). Tsunoda and Cosgrove (2001) suggested that there
is a large feedback polarization electric field mapped from
the E layer and that ultimately maps to the F-region to pro-
duce ionospheric irregularities (popularly known as spread
F on ionograms). Besides, according to the Haldoupis et al.
(2003) model, the eastward polarization electric fields set
up inside the unstable sporadic-E plasma patches can
map along the magnetic field lines up to the F region.
There, they cause rapid upward and northward E � B
plasma transport that creates abrupt F-region uplifts and
spreads F irregularities and ionospheric scintillations, and
such mechanism is considered to occur at low latitudes
according to the Patra et al. (2009) research. However,
an inclusive study with multiple instruments having a high
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sampling rate along the eclipse path is very much essential
to understand wave-like signatures in the overlying iono-
sphere triggered by eclipse-associated effects (Stankov
et al., 2017).

5. Conclusion

Ionospheric responses to a total solar eclipse that
occurred on 21 August 2017 over the US region are reported
using various remote sensing instruments including MHO,
digital ionosonde radars, COSMIC RO, and ground-based
GPS TEC receivers. The results were observed to be signifi-
cant, which are summarized as follows:

I. A 30% reduction in the ionospheric F2-layer electron
densities over MHO incoherent scatter radar was
noticed on 21 August 2017. This huge reduction over
this radar station during an eclipse event is reported
after 33 years, and the earlier one that occurred over
this location was on 30 May 1984 (Salah et al., 1986).

II. GPS-based TEC data at ~20�, ~30�, and ~40� N lati-
tudes from the west to east longitudes show consider-
able depressions and wave-like nature in TEC only
during the eclipse day. Further, such depressions
slowly decrease when viewed away from the eclipse
path and show maximum amplitudes at a station
where maximum obscuration has occurred, a clear
indication of a bow-wave in TEC data.

III. Ionospheric parameters as measured by ionosondes
over Boulder (40.4�N, 100�E) and Austin (30.4�N,
94.4�E) show a significant decrease in critical frequen-
cies, while an altitude elevation is seen in virtual
heights of the F-layer only during the eclipse day,
and such decreases could be associated with wave-
like signatures.

IV. The estimated vertical electron density profile from
the COSMIC RO technique shows a maximum deple-
tion of 40%.

V. As the presence of GWs is observed during this total
solar eclipse period confidently by virtue of the huge
availability of ground-based GPS receivers over the
US region (Zhang et al., 2017; Nayak and Yigit,
2017), it may be likely that the eclipse-generated
waves could be the responsible sources to create
wave-like variations in TEC and ionosonde-scaled
parameters (virtual heights and critical frequencies).

VI. FFT analysis on TEC data recorded at various
ground-based GNSS stations reveals the dominance
of GW periods of ~55–65 min, which show great
similitude with earliest researchers’ results presented
on this eclipse (Nayak and Yigit, 2017).
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